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ABBREVIATIONS 
FUra (F), 5-fluorouracil; FUrd, 5-fluorouridine 
FCyd, 5-fluorocyctidine; Cyd, cytidine; Guo, guanosine; Urd, uridine 
7 2 hUrd (D), dihydrouridine; m Guo, 7-methylguanosine, m G, 2-methylguanine 
rThd, ribothymidine; s^ Urd, 4-thiouridine 
g 
tjjrd, pseudouridine, m Ado, 6-methyladenosine 
NMR, nuclear magnetic resonance 
DEAE, diethylaminoethyl 
BD-cellulose, benzoylated DEAE-cellulose 
EDTA, ethylenediaminetetraacetic acid 
Tris-HCl, 2-amino-2-hydroxymethyl-l,3-propanediol hydrochloride 
HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid 
POPOP, 1,4-bis[2-(5-phenyloxalyl)] benzene 
PPO, 2,5-diphenyloxazole 
TLC, thin-layer chromatography 
bicine, N,N-bis (2-hydroxyethyl) glycine 
ppm, parts per million 
csa, chemical shift anisotropy 
Tj, spin-lattice relaxation time 
T^ , spin-spin relaxation time 
NOE, nuclear Overhauser effect 
SIS, solvent isotope shift 
P, phosphate 
FTyr, 3-fluorotyrosine 
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INTRODUCTION 
Transfer RNA substituted with the uracil analog 5-fluorouracil may 
19 be used to study structural and dynamic aspects of the molecule by F 
NMR spectroscopy. When incorporated into tRNA, 5-fluorouracil replaces 
all uridine and uridine-derived modified nucleosides. Thus, studies of 
FUra-substituted tRNA may reveal changes in structure as monitored by 
individual ^ ®F nuclei distributed throughout the molecule, including all 
helices, loops, and many of the tertiary structural interactions. 
The purpose of this study was to establish a firm basis for assign-
19 ing individual F NMR peaks in spectra of purified FUra-substituted E. 
coli tRNAs to specific FUra residues within the molecules. FUra-substi­
tuted valine tRNA was chosen as a model tRNA for use in these studies for 
several reasons. First, this tRNA species is obtained in high yields from 
FUra-treated coli cells, thus reducing the time devoted to sample prep­
aration. Secondly, FUra-substituted valine tRNA has been well character­
ized and shown to resemble the native species both in terms of biological 
activity and physical properties (Horowitz et al., 1974; Ofengand et al., 
19 1974). Finally, preliminary F NMR studies revealed a well-dispersed NMR 
spectrum, demonstrating the potential usefulness in monitoring many sites 
in the molecule (Horowitz et al., 1977). 
Transfer RNA 
General structure of tRNA 
All tRNA sequences can be arranged into a cloverleaf secondary 
structure (Figure lA). The cloverleaf consists of the amino acid acceptor 
stem and three stem-loop structures termed the D-arm, the anticodon arm, 
Figure 1. Structure of tRNA (Kim, 1979). (a) Generalized clover-
leaf structure of tRNA. Invarient positions are indi­
cated by nucleoside symbols; semi-invariant positions 
are designated by R for purine and Y for pyrimidine. 
Modified nucleosides often occur at positions 8, 18, 32, 
37, 47, 54, and 55. (b) Two views of the backbone fold-
ing of yeast tRNA . The sugar-phosphate backbone of the 
molecule is represented as a coiled tube; cross rungs 
denote base pairs in the stem regions. Dark circles 
2+ 
represent four hydrated Mg ions, the solid "spaghetti" 
represents spermine molecules found with more certainty, 
and open spaghetti represents less certain spermine 
molecules 
3 
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and the TijiC-arm. In addition, there is a variable arm which, depending 
on the tRNA species, contains from 3 to 21 nucleoside residues. Transfer 
RNAs have been classified according to the size of the variable arm and 
variations in secondary structure. In summary (Goddard, 1978), class lA 
has 4 bases in the D loop and 4-5 bases in the variable arm ), 
class IB tRNAs have 3 bases in the D loop and 4-5 bases in the variable 
loop , and class 2 tRNAs have 3 bases in the D loop and 13-21 
bases in the variable loop . Only certain mitochondrial tRNA 
species, which lack a substantial portion of the D-arm (deBruijn et al., 
1980), have been shown to deviate from this classification. 
As indicated in Figure lA, several invariant or semi-invariant 
nucleosides occur in the tRNA structures. These positions are often 
occupied by modified nucleosides such as the methylated ribothymidine and 
7-methy1guanosine, or the hypermodified N-[N-(9-p-B-ribofuranosyl-
purine-6-yl)carbamoyl]threonine (abbreviated t^ A). For example, the fol­
lowing modified nucleosides (position) are present in native ^  coli 
tRNA^ ^^ ; 4-thiouridine (8), dihydrouridine (17), uridine-5-oxyacetic 
acid (34), 6-methyladenosine (37), 7-methylguano s ine (46), ribothymidine 
(54), and pseudouridine (55) (Yaniv and Barrell, 1969). Several functions 
of modified nucleosides in tRNA have been proposed (Nishimura, 1978; Buck 
and Ames, 1984), yet their role remains unclear. 
Phe 
The three-dimensional structure of yeast tRNA has been obtained 
o 
by x-ray crystallography to a resolution of almost 2 A (Sussman et al., 
1978; Kim, 1979) revealing an 1-shaped molecule (Figure IB), with the 
polynucleotide backbone folded so that the amino acid stem and the T$C 
stem form one continuous double-helical arm and the D stem and anticodon 
5 
stem form the other long double-helical arm almost perpendicular to the 
first helix. The T;|fC loop and D loop interact to form the corner of the 
L. Several tertiary interactions, often involving invariant or semi-
invariant residues in the D, TijjC, and variable arms, stabilize the L-
shaped conformation; many of these involve non-Watson-Crick type base 
pairs (Kim, 1979). The loop regions of tRNA are also stabilized as a 
PIl6 
result of base-base interactions; only 5 of the 76 bases in yeast tRNA 
are not stacked (Rich, 1977). 
To date, at least three other tRNA structures have been determined 
by x-ray diffraction including yeast tRNA^ ^^  (Moras et al., 1980), yeast 
tRNA®^  ^(Wright et al., 1979), and coli tRNA^ ®^  (Woo et al., 1980). 
The general L-shaped conformation was observed in all three structures, 
however subtle differences among the structures were observed. These 
include the relative positioning of the acceptor and anticodon stems in 
tRNA  ^and an altered anticodon conformation in tRNA ^  . Interestingly, 
tRNA^ ^^  exhibits a unique structure when crystals are grown from a 50% 
dioxane-H^ O solvent (Wright et al., 1979). The acceptor stem is unwound 
such that the 5'-terminus is approximately in the same position observed 
Phe ° 
in tRNA but the 3'-terminus is displaced about 30 A relative to this 
structure. This may demonstrate the effects on tRNA structure of a 
hydrophobic environment, such as would be present upon interaction with 
a protein. 
A battery of techniques support the contention that the L-shaped 
structure of tRNA found in the solid state also corresponds to the solu­
tion structure of these molecules. These techniques include chemical 
reactivity studies (Cramer, 1971; Robertus et al., 1974; Rhodes, 1975; 
6 
Goddard, 1978), nuclease cleavage patterns (Auron et al., 1982), tritium-
exchange studies (Schimmel and Redfield, 1980), and proton NMR (Reid, 
1981; Hilbers et al., 1983). In addition, these techniques have been 
used to verify interactions which are only implied by the x-ray diffrac­
tion data. 
Reference to the solution structure of the tRNA molecule usually 
applies only to the polynucleotide chain itself. This really represents 
only one component of the "structure," however, since functional inter­
actions proceed through the immediate environment of the molecule. The 
polyanionic nature of tRNA requires that a counterion sphere surround the 
molecule, consisting of Mg ions, monovalent cations such as Na and K , 
and polycationic species such as spermine. In addition, recent small-
angle neutron scattering studies (Li et al., 1983) demonstrated a higher 
density of HgO in the immediate vicinity of the tRNA relative to bulk 
solvent. Thus, when considering tRNA "structure" these components must 
also be included. 
Two views currently exist regarding the cation binding properties 
pk a 
of the tRNA molecule. X-ray crystallographic studies of yeast tRNA 
(Quigley et al., 1978) demonstrated the existence of four inner-sphere 
(strong) Mg^  ^binding sites, i.e., [Mg(H20)^ ]^  ^binds to P19 in the D-loop, 
[Mg(H20)^ ]^  ^binds to P20 and P21 in the D-loop, [Mg(H20)g]^  ^binds to 
P8 in the turn formed by U8 to U12, and [Mg(H20)^ ]^  ^binds to P37 in the 
31 
anticodon loop. Gueron and Leroy (1982), based on P NMR paramagnetic 
line-broadening experiments with manganese, reported that for no single 
Pll0 phosphate in yeast tRNA is the divalent cation affinity >10 times that 
of the average phosphate. This would preclude the existence of strong 
7 
binding sites to which ions bind very selectively. In contrast to these 
results, Labuda and Porschke (1982) reported the existence of an inter-
2+ 
mediate strength inner-sphere Mg binding site in the anticodon loop of 
Pll6 
yeast tRNA based on fluorescence equilibrium titrations and tempera­
ture-jump measurements using the Wye-base as a label. These authors also 
presented evidence for two different anticodon conformations which could 
2+ 
be differentiated by Ca binding affinities. 
Dynamic solution structure of tRNA 
A host of evidence supports a dynamic structure for the tRNA molecule 
in solution (Crothers and Cole, 1978; Rigler and Wintermeyer, 1983). 
Several physical and chemical perturbations may trigger conformational 
changes in the tRNA molecule. Inducers of such changes include tempera-
+ 2+ 
ture, interaction with cationic species such as Na or Mg ions, and 
interaction with biologically relevant ligands such as complementary 
codons and other cellular components which tRNA encounters while carrying 
out its various functional roles. An overview of some of the evidence 
supporting a dynamic solution structure for tRNA follows. 
Fournier and collaborators (Potts et al., 1979; Potts et al., 1981; 
Rhee et al., 1981; Fritzinger and Fournier, 1982) have used laser light 
scattering to demonstrate altered solution structures for several class 
2+ 
1 and 2 tRNA species dependent upon the Mg concentration. The method 
yields the translational diffusion coefficient, for the tRNA and 
its associated counterion shield. Electric charges can also be estimated 
from the diffusive virial coefficients, allowing quantitation of the 
2+ 2+ 
bound Mg ions. They found that a decrease in Mg concentration from 
10 mM to 1 mM at 20°C, pH 7.2, and 0.1 M ionic strength results in an 
8 
2+ increased  ^indicating a more compact tENA conformation at low Mg . 
2+ 
Transfer RMA ^  shows the greatest change in diffusivity and bound Mg at 
low ionic strengths. As the ionic strength is raised above 0.1 M, tRNA^ ^^  
2+ 
exhibits no change in Dgg ^  at either 1 mM or 10 mM Mg in contrast to 
all other tRNA species studied. The anomolous behavior of tRNA^ ^^  has 
been attributed to the absence of the first base pair in the amino acid 
acceptor stem. Chemical modification analysis (Fritzinger and Fournier, 
1982) using carbodiimide and ketoxal probes showed only minor changes in 
the D and anticodon loops. This and electric charge analysis suggest that 
the altered diffusion behavior is caused primarily by changes in the shape 
and size of the counterion shield and hydration layer (Fritzinger and 
Fournier, 1982). 
Temperature-junq) fluorescence experiments reported by Ehrenberg 
et al. (1979) have been interpreted as demonstrating a dynamic equilibrium 
among three conformational states of the yeast tRNA molecule. Experi-
Phe 
ments were performed with yeast tRNA that was ethidium-labeled at 
either positions 16/17 in the D-loop, or at residue 37 in the anticodon 
loop. These authors demonstrated the presence of 3 states (T^ -T^ ) 
characterized by different fluorescence lifetimes for the emission pro­
duced by the ethidium probe at each of these positions. The population 
of these states, which are indicative of different stacking interactions 
between ethidium and the surrounding nucleotides, was also shown to be 
2+ 
dependent on temperature, Mg concentration, and spermine concentra­
tion (Ehrenberg et al., 1979; Nilsson et al., 1983). Moreover, it was 
found that T^  is favored over states T^  and T^  by increasing concentra-
9 
2+ 
tions of Mg or spermine, and by increasing temperature. The biphasic 
2+ 
nature of the Mg -binding curves clearly shows the presence of strong 
2+ 
and weak interactions between Mg and tRNA (Ehrenberg et al., 1979). 
The rotational diffusion constants and molecular volumes were obtained 
from the time-dependent anisotropy of the fluorescence. These data 
indicate that of the three states T^  is most extended, while T^  is the 
most compact. In the presence of spermine, the final ratio of T^  to T^  
2+ 
is higher than with Mg alone (Nilsson et al., 1983). The dependence 
2+ 
of the three states on Mg and spermine indicates that conformation T^  
is closely related to or identical with the crystal structure (Ehrenberg, 
1979). Chemical relaxation kinetics exhibit a fast transition between 
states Tj and T2, and a slow transition between T^  and T^ . A thermody­
namic analysis shows that the slow conformational transition is associated 
with a high activation barrier, indicating that several intermolecular 
hydrogen bonds have to be broken. This suggests a substantial change in 
tRNA conformation (Ehrenberg et al., 1979). 
Nilsson et al. (1982) studied the yeast tRNA^ ®^ E^  coli tRNA^ "^ 
anticodon-anticodon dimer by small-angle x-ray scattering. Their experi­
mentally obtained scattering curve agrees with a theoretical curve cor­
responding to two tRNAs bound at the anticodons assuming a conformation 
with the acceptor arms folded toward the anticodon arms. The energetics 
of such a conformational change have been studied by Harvey and McCammon 
(1981). These data have been interpreted as verification of a potential 
conformational change in the "hinge" region of the tRNA molecule (i.e., 
at P8 and P49 where the Tt|)C and D loops meet). The energy barrier of 
such a motion was calculated as approximately 50 kcal/mol, an energy 
10 
corresponding to less than 10 hydrogen bonds, that could easily be formed 
or broken in interactions with the solvent. 
Rhodes (1977) studied the early stages of thermally-induced conforma­
tional changes in yeast tRNA^ ^^  in the presence and absence of Mg^  ^by 
measuring changes in chemical accessibility of uracil and guanine to 
ketoxal. Tertiary structural interactions were shown to be disrupted 
first, followed by helical interactions. Specific protection from modi-
2+ 
fication by Mg was shown in two regions: within the oligonucleotide 
2 
U8-A-m GIO and in the vicinity of U59. These data thus indicate either 
2+ 2+ 
specific Mg binding or Mg -induced structural changes in the tRNA. 
Thermal denaturation pathways in tRNA have been investigated by NMR and 
will be discussed further below. 
Function of tRNA 
Transfer RNA plays a pivotal role in the transfer of genomic informa­
tion to protein structure. A brief description of the role of tRNA in 
bacterial (prokaryotic) protein synthesis follows. More detailed reviews 
may be found in Pongs (1978) and Miller and Weissbach (1977). 
There is at least one tRNA for each of the twenty amino acids from 
which proteins are synthesized; most amino acids can react with several 
tRNA species (referred to as isoaccepting forms). There is also a spe­
cific aminoacyl-tRNA synthetase responsible for ester bond formation 
between the amino acid and either the 2'- or 3'-hydroxyl group of the 
ribose moiety of the 3'-terminal adenosine of the tRNA (Hecht, 1979). A 
variety of evidence (Schimmel, 1980) indicates that the aminoacyl-tRNA 
syntheases bind in and around the inner part of the L-shaped tRNA struc­
11 
ture- Evidence for a covalent adduct between the enzyme and U8 in the 
tRNA has also been presented (Schinmel, 1980). 
Following aminoacylation, aminoacyl-tRNAs, other than initiator met-
Mât 
tRNA ^  , bind to a protein elongation factor (EFTu) and GTP to form a 
ternary complex, EFTu-GTP-aatRNA. It is clear that the acceptor ter­
minus is the key element in the recognition process (Schimmel, 1980); 
uncharged or initiator tRNAs are rigidly discriminated against. This 
ternary complex then binds to the ribosomal A-site prior to attachment 
of the aminoacyl-tRNA to the carboxy-terminus of the nascent polypeptide 
chain during the elongation process. Only aminoacyl-tRNA species whose 
anticodon can form a complementary Watson-Crick duplex structure with the 
mRNA codon triplet bound to the ribosome A-site are selected. A new 
peptide bond is formed when the a-amino group of the incoming aminoacyl-
tRNA attacks the peptidyl-tRNA bound at the ribosomal P-site, in a reac­
tion catalyzed by a peptidyl transferase activity associated with the 
large (50S) ribosomal subunit. This reaction frees the tRNA at the P-site 
and transfers the growing peptide chain to the tRNA located in the A-site. 
Peptidyl-tRNA is then translocated to the P-site and the entire elongation 
process is repeated until one of the three termination codons, UAA, UGA, 
or UAG appears at the A-site. At this point, a releasing factor binds to 
the ribosome and the peptidyl-tRNA is hydrolyzed, releasing free polypep­
tide and the tRNA from the ribosome. 
Protein synthesis begins with an initiation factor-mediated, GTP 
dependent, binding of a special initiator tRNA ^  to the small (30S) 
ribosomal subunit in response to initiation codons, usually AUG or GUG, 
Mpt 
in the mRNA. The initiator tRNA ^  is esterified to a N-formylated 
12 
methionine residue (in bacteria and mitochondria); during elongation 
methionine is inserted into the nascent polypeptide chain by the elongator 
Mât 
tRNA ^  . Hydrolysis of GTP and release of the initiation factor allows 
binding of a 50S ribosomal subunit to the tRNA-inRNA-30S initiation complex 
forming a 70S-initiation complex with N-formylmethionyl-tRNA ^  bound to 
the P-site. Codon-dependent binding of aminoacyl-tRNA to the A-site oc­
curs and the elongation process takes place as outlined previously. 
Specific models for structural interactions and possible conformational 
changes during the tRNA-ribosome recognition process are reviewed by 
Ofengand et al. (1980); see also Gassen (1980) and Thompson and Hearst 
(1983). 
Several other functions have been demonstrated for the tRNA molecule. 
Transfer RNA plays an important role in the regulation of amino acid 
biosynthetic opérons by the attenuation mechanism (Yanofsky, 1981). As 
one example, transcription of the coli tryptophan operon is regulated 
by the concentration of tryptophanyl-tRNA^ .^ As RNA polymerase trans­
cribes the leader region, closely coupled ribosomes translate an open 
reading frame in the resulting RNA. In order for translation of a peptide 
coded by the leader region of this operon to occur, several tryptophan 
residues must be inserted. If the level of tryptophan and therefore try-
ptophanyl-tRNA^  ^is low, the ribosome stalls at a tryptophan codon 
resulting in formation of a specific stem-loop structure in the newly 
formed mRNA which allows transcription to continue beyond the attenuation 
site. When tryptophan is abundant the leader polypeptide is completely 
translated and the RNA adopts an alternate secondary structure that 
results in termination of transcription (attenuation). 
13 
Tr37ptophan tRNA is also required as a primer for the RNA-dependent 
DNA polymerase, reverse transcriptase, found in the virons of RNA tumor 
viruses (Schimmel, 1980). The 3'-strand of the acceptor stem unwinds and 
hydridizes to 35S viral RNA in a reaction catalyzed by the trancriptase. 
There are also special tRNAs that transfer amino acids into peptide link­
ages with amino-terminal residues of proteins, in a reaction mediated by 
aminoacyl-tRNA-protein transferases (Roberts, 1972). Several plant 
viruses can be aminoacylated by aminoacyl-tRNA synthetase preparations, 
and have been shown to contain a 3'-terminal tRNA-like structure (Haenni 
et al., 1982). The function of these structures is still unknown. A 
more complete list of the functions of tRNAs is given by LaRossa and Soil 
(1978). 
Incorporation of 5-Fluorouracil into Transfer RNA 
5-Fluorouracil (FUra) was first synthesized as a possible anti­
cancer agent (Duschinsky et al., 1957). The general effects of the drug 
on cells include inhibition of DNA synthesis as a result of irreversible 
inhibition of the enzyme thymidylate synthetase due to ternary complex 
formation with dFUMP and a tetrahydrofolate derivative, incorporation of 
the analogue into RNA in place of uridine, and some incorporation into 
DNA. These aspects of FUra metabolism and the resulting effects are 
described in an extensive review by Heidelberger et al. (1983). 
E. coli cells can incorporate FUra into their tRNA to levels in 
excess of 90 mole-percent (Lowrie and Bergquist, 1968; Johnson et al., 
1969; Kaiser, 1972). Studies have been conducted to determine the effects 
of FUra replacement on the structure and biological activity of these 
14 
molecules. Transfer RNA isolated from FUra-treated ^  coli cells retains 
the ability to accept each of the twenty amino acids (Lowrie and Bergquist, 
1968; Johnson et al., 1969; Kaiser, 1969; Ramberg et al., 1978). These 
studies demonstrated that the rates of aminoacylation of most FUra-
substituted tRNAs compare favorably with those of their native counter­
parts. Some [FUra] tRNAs are aminoacylated at lower rates than normal 
tRNAs (Ramberg et al., 1978). This is true for tRNAs specific for aspar­
tate, glutamate, glutamine, histidine, and lysine, where the [FUra] tRNAs 
have aminoacylation rates less than half that of normal tRNA. Lysine 
tRNA is the most affected, having a rate of aminoacylation only 6% that 
of normal. Polynucleotide-directed ribosome binding of coli valyl-
phenylalanyl-, and glycyl-tRNA is unaffected by FUra substitution, but 
the binding of FUra-substituted lysyl- and glutamyl-tRNA is greatly 
reduced (Ramberg et al., 1978). 
Val 
Studies with FUra-substituted tRNA  ^ from coli, the only purified 
[FUra] tRNA whose ability to function in protein synthesis has been 
examined in detail, showed little difference between FUra and normal tRNA 
(Ofengand et al., 1974). The kinetics of aminoacylation has been deter-
Va1 
mined for purified FUra-substituted tRNA ^  . The for valyl-tRNA 
synthetase is about the same for both FUra and normal tRNA^ ^^ , while the 
m^ax slightly lower (15%) for the analogue-substituted tRNA. This 
difference is probably not significant (Horowitz et al., 1974). Ternary 
complex formation with EFTu-GTP, nonenzymatic binding to the ribosome 
P-site, enzymatic binding to the ribosome A-site, and polypeptide syn­
thesis are essentially the same in rate and extent when FUra-substituted 
tRNA^ ^^  replaces normal tRNA^ ^^  (Ofengand et al., 1974). In order to 
15 
19 draw biologically relevant conclusions from F NMR studies with FUra-
Val 
substituted tRNA  ^, the analogue-containing tRNA must be shown to be 
comparable in biological function to its native counterpart. These 
studies demonstrate that in every biological role tested FUra-substituted 
Val 
tRNA J retains full activity. 
Studies with purified FUra-substituted valine tRNA from ^  coli 
(Horowitz et al., 1974) demonstrated that the FUra-tRNA has physical 
properties very similar to normal tRNA^ ^^ . Only minor differences were 
noted in the melting profiles, circular dichroism spectra, and electro-
phoretic mobilities in polyacrylamide gels. Alderfer et al. (1982) 
13 demonstrated, based on C NMR data and theoretical charge density calcu­
lations, that 5-fluorouridine has the same sugar-base torsion angle as 
the unsubstituted nucleoside. Scanlan and Hillier (1984), based on ab 
initio quantum mechanical calculations, showed that substitution of uracil 
by CHg or F does not change the relative stabilities of the tautomeric 
forms. Thus, based on both biological and physical criteria, FUra-
Val 
substituted tRNA  ^ provides an excellent candidate for study of transfer 
RNA structure by ^ F^ NMR. 
NMR as a Nucleic Acid Structural Probe 
Proton NMR measurements have made very significant contributions to 
our knowledge of the conformation and dynamics of oligonucleotides in sol­
ution- Results are summarized in recent reviews (Patel et al., 1982a; 
Kearns, 1984). The use of 2D NMR techniques developed by Ernst and 
Wuthrich, such as COSY (Nagayama et al., 1980) and NOESY (Kumar et al., 
1980), are revolutionizing this field. All nonexchangable protons in 
16 
oligonucleotides containing up to about 17 base pairs can be identified 
and assigned (Chou et al., 1983; Pardi et al., 1983; Frechet et al., 
1983; Wemmer et al., 1984). 
The spectra and dynamics of the exchangeable imino protons can also 
be measured in H^ O. The ability to identify protons that are up to about 
O 
4.5 A apart (from nuclear Overhauser effects, NOE), plus the ability to 
determine sugar conformation (from scalar coupling constants) are very 
powerful tools for determining time-averaged conformations. These tech­
niques are illustrated in the elegant work of Chou et al. (1983) on the 
3 bacteriophage K 0^  operator DNA; Zuiderweg et al. (1983) on the lac 
repressor DNA binding domain; Wemmer et al. (1984), Patel et al. (1982b), 
and Feigon et al. (1984) with Z-DNA fragments; and Assa-Munt et al. (1984; 
Assa-Munt and Keams, 1984) with right handed B-form poly(dA-dT). 
Measurement of spin-lattice (T^ ) and spin-spin (T^ ) relaxation times 
can provide chemical exchange rates and rates of rotational or internal 
(librational) motion (Kearns, 1984; Assa-Munt and Kearns, 1984; London, 
1980). This information provides a very detailed picture of how a nucleic 
acid appears to an enzyme, or to a regulatory protein. 
Saturation recovery of magnetization for individual exchangeable pro­
tons can be used to measure their chemical exchange rates (Pardi and 
Tinoco, 1982; Pardi et al., 1982; Pardi et al., 1983). Under certain 
conditions these exchange rates are equal to the opening rates of the 
individual base pairs. This provides a powerful method for investigating 
very specific parts of nucleic acid structure. 
A modified conception regarding nucleic acid structure is rapidly 
emerging. Our static notion of nucleic acids, which originates from the 
17 
early fiber x-ray diffraction studies, is being replaced by a more 
dynamic understanding of these structures. NMR measurements have demon­
strated large amplitude internal motions (10° to 50°) which occur on the 
nanosecond time scale (Lipari and Szabo, 1981; Levy et al., 1983; Schmidt 
et al., 1983; Assa-Munt et al., 1984). These conclusions are supported 
by theoretical studies (Levitt and Warshel, 1978; Levitt, 1983; 
Prabhakaran et al., 1983), x-ray diffraction data (Holbrook et al., 1978; 
Holbrook and Kim, 1984), and ESR studies (Kao et al., 1983). It has been 
proposed (Levitt, 1983) that in DNA these motions serve to protect the 
integrity of the genetic message by absorbing thermal perturbations in 
bending motions, rather than in base-pair opening motions. 
NMR Studies of tRNA 
NMR studies on tRNA molecules in solution have so far provided a 
wealth of structural and dynamic information on the response of tRNA to 
different conditions of pH and ionic environment, to thermal effects, and 
interaction with biologically important ligands (Reid, 1981; Reid and 
Hare, 1982). 
Low field NMR investigations of tRNA in H^ O solutions make it pos­
sible to study the imino protons, involved in hydrogen bonding interac­
tions, directly. The elegant nuclear Overhauser experiments of Redfield, 
Reid, and their collaborators (Reid, 1981; Roy and Redfield, 1983) have 
allowed major advances in assignment of these resonances, while two-
dimensional NOE experiments have resulted in the complete assignment of 
Phe the imino proton resonances in the spectrum of yeast tRNA (Hilbers 
et al., 1983). In addition, the high field region of the NMR spectrum 
18 
provides useful information on the environment and dynamics of the modi-
31 fied bases (Kastrup and Schmidt, 1978). While P NMR permits the moni­
toring of changes in the phosphodiester backbone of tRNA (Gorenstein, 
13 1984; Gorenstein and Goldfield, 1982) and C MR has proven quite useful 
for investigating the environments of both the methylated bases (Kopper 
et al., 1983) and the major constituents of tRNA (Olsen at al., 1982), 
13 these methods suffer from a lack of sensitivity, and the C experiments 
require the use of isotope enrichment procedures. A brief description of 
several applications of NMR methods to the study of tRNA structure and 
dynamics follows. An extensive review by Reid (1981) may be consulted 
for further details. 
Absorbance and NMR thermal denaturation studies with native E. 
Val 
coli tRNA J (Kastrup and Schmidt, 1975) were used to monitor the thermal 
denaturation pathways of the molecule. Transitions were assigned as 
follows: the D region melts with a of 55°C, the anticodon region at 
58°C, and the T^ C region at 67°C. On the basis of linewidth data, these 
authors also reported the slow exchange of the dihydrouridine and ribo-
thymidine residues between magnetically distinct environments at tempera­
tures below the apparent (Kastrup and Schmidt, 1975; Kastrup and 
Schmidt, 1978). 
Phe Data from yeast tRNA imino proton exchange studies (Roy and Red-
field, 1983) show a low temperature lability of the acceptor stem. These 
authors advise caution, however, in adhering to the early assumption that 
individual stems melt concertedly. One interpretation of their data shows 
increased exchange around the T54-m^ A58 tertiary interaction at ca. 35°C. 
The U8-A14 peak begins to melt at 36°C. Their data also indicate a dif-
19 
2+ 
ference in the stability of the D stem as a function of Mg concentra-
2+ 
tion. At low Mg , the acceptor stem and tertiary resonances melt almost 
concurrently, followed by the D stem. They characterize the Tt|)C stem as 
2+ 2+ 
most stable at low Mg , however, at high Mg the D stem becomes the most 
stable structure (Roy and Redfield, 1983; Roy et al., 1982). Reid and 
Hare (1982), on the other hand, report an unusual stability for the 
tertiary base pairs s^ U8-Al4 and T54-A58 in ^  coli tRNA^ ^^  even in the 
2+ 
absence of Mg . Boyle et al. (1983) studied the kinetics of the helix 
to coil transition for a 5'-1/4 fragment, a 5'-1/2 fragment, and a 5'-3/5 
Phe fragment of yeast tRNA . Combination of extrapolated helix dissociation 
time constants obtained by the T-jump kinetics method with NMR exchange-
broadening results indicate a T of 43°C for the anticodon stem and 67°C 
m 
for the D stem. Thermal denaturation pathways in tRNA are dealt with in 
more detail by Crothers and Cole (1978). 
OT 
Gorenstein and Goldfield (1982) assigned a P NMR peak to a phos-
Phe phate located in the anticodon loop of tRNA based on the effects pro­
duced by spermine binding. According to x-ray analysis, one spermine 
molecule binds in the deep groove of the anticodon double helix stem, 
apparently hydrogen bonded to four different phosphate residues (Quigley 
et al., 1978). The positively charged spermine appears to draw the 
O 
phosphates on opposite sides of the groove 3 A closer together than 
expected in its absence. A second spermine binds at the beginning of the 
D stem near the top of the anticodon stem. It wraps around PIO and 
neutralizes the charge interactions between P9-P11 of one chain and 
2+ 
P47-P45 of the other. Together with two bound Mg ions in the D and 
anticodon arms, the spermine immobilizes the anticodon end of the tRNA. 
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The assignment was based on the specific broadening effect caused by 
spermine binding due to immobilization of the anticodon stem. 
Geerdes et al. (1978, 1980a, 1980b) studied the yeast tRNA^ ^^  codon-
1 31 
anticodon binding phenomenon using H and P NMR. They found that two 
31 
P peak positions were altered upon complex formation and interpreted 
this as being indicative of a transition from the 3'-stacked to 5'-stacked 
anticodon conformation. The 3'-stacked conformation is stabilized by 
hydrogen bonding between N3H on 1133 and P36, resulting in the so-called 
"U-turn" at the U33-P34 linkage. Transition from a 3'- to a 5'-stacked 
conformation involves rotation about the P34-0(5') bond with a resulting 
flip in the tilt of the anticodon stem base pairs (Mizuno and 
Sundaralingam, 1978). Resonance broadening of the D16 and D17 C6 proton 
NMR signals upon complex formation has been interpreted as a conforma-
tional change in the central portion of the L of yeast tRNA (Davanloo 
et al., 1979; Geerdes et al., 1980b). Further evidence for such an 
allosteric effect is reviewed by Gassen (1980) and Rigler and Wintermeyer 
(1983). 
Riiterjans et al. (1982) ascribed the asymmetric doublet of the imino 
proton resonances of ^^ N labeled tRNA to a tautomerism of the type 
N-H—N N—H-N in the base pairs. They showed that under this assump­
tion, the lineshapes could be simulated with a rate constant of about 
— 2 100 s and a mole fraction for the nondominant tautomers of about 0.1. 
Gueron et al. (1983) recently proposed that the asymmetry can be ascribed 
to interference between dipolar and chemical shift anisotropy relaxation 
mechanisms (see below for a discussion of these mechanisms). Similar 
21 
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effects have been reported in the F NMR spectrum of the =CFH group 
(Mackor and Maclean, 1967). 
The large amplitude motions that occur on a nanosecond timescale in 
DNA (discussed previously) also occur in tRNA. Olsen et al. (1982) and 
13 Schmidt et al. (1983), have taken C NMR approaches to studying these 
librational characteristics using E_^  coli [^ C^4-uracil]-labeled tRNA^ ^^  
13 
and [ CI'-ribose]-labeled unfractionated tRNA, respectively. Transfer 
RNA^ j^  was shown to have local mobility at V34 in the anticodon loop, and 
hU17 in the dihydrouridine loop (Olsen et al., 1982), however, these 
motional characteristics were not quantitated. Schmidt et al. (1983) 
quantitated ribose CI'-HI' vector motions. However, because individual 
13 
CI' C-signals were not resolved, no environment-specific information 
was derived for the individual residues in the macromolecule. Probably 
the most revealing data come from x-ray diffraction thermal motional 
parameters (Sussman et al., 1978) which yield site-specific amplitudes 
for the nucleosides in yeast tRNA . Unfortunately, with these data 
alone time-dependent fluctuational rates cannot be quantitated. Theo­
retical picosecond molecular dynamics calculations are extending the 
utility of x-ray diffraction data (Prabhakaran et al., 1983), however 
computer facilities capable of handling the required long-range trajectory 
data have been restrictive. 
19 
F NMR Studies of Biomacromolecules 
Proton NMR has traditionally been the method of choice in structural 
studies of biomacromolecules, provided that sufficient resolution and 
methods for assignment of resonances are available. Unfortunately, even 
22 
for molecules of modest size the NMR spectrum becomes a set of ill-
defined peaks clustered about several characteristic chemical shifts 
(i.e., aromatic, sugar, methyl, and imino protons in the spectra of 
nucleic acids). Also, the 110 M HgO proton signal in aqueous solutions 
masks the central portion of the NMR spectrum and results in dynamic 
range problems in the spectrometer-interfaced computer. The high mag­
netic fields available in recent years and the elegant solvent signal-
suppression techniques now available (Redfield, 1978) have offset some of 
these problems, however the inherent lack of dispersion in NMR spec­
troscopy is an insurmountable problem. 
19 F NMR relaxation studies with purified fluorine-labeled macro-
molecules offer an alternative method for studying these problems. 
Fluorine-19 has four advantages over other spin-1/2 nuclei (Sykes and 
Weiner, 1980): (1) high NMR sensitivity (83% of ^ H), (2) high sensitivity 
19 to environmental factors, resulting in well-dispersed NMR spectra of F-
labeled macromclecules; (3) ability to more readily study interactions 
with biologically relevant ligands since they make no contribution to the 
NMR spectrum; and (4) occurrence of two dominant NMR relaxation mechanisms, 
dipolar and chemical shift anisotropy, which are sensitive to separate 
motional characteristics of the labeled residue. Of constant concern in 
such systems are possible effects of fluorine-substitution on the system 
under examination. While the covalent radii of hydrogen and fluorine are 
reasonably similar, the electronic natures of these nuclei are not com­
parable. Fluorine is the most electronegative element known, being 
characterized by an electronegitivity of 4.0 on the Pauling scale (Paul­
ing, 1960). Thus, covalent fluorine may influence local structure in 
23 
biomacromolecules by dipolar effects, by entering into coordination with 
metals, or by acting as a hydrogen bond acceptor (Gerig, 1978). There­
fore, attention must always be paid to the chemical and biological effects 
of fluorine-substitution on the system of interest. This question has 
Val been addressed for FUra-substituted tRNA  ^ (discussed previously) and it 
was concluded that by all available biological and physical criteria this 
19 
system provides an excellent opportunity for study by F NMR. 
A large number of studies have appeared in which fluoroanalogue-
19 
substituted biomolecules were used as F NMR probes. These molecules 
include peptides, proteins, lipids, carbohydrates, and fluorinated sub­
strates such as metabolite analogues, hormone analogues, or drugs. These 
results are reviewed by Gerig (1978) and by Sykes and Weiner (1980). 
19 A few studies of F-labeled nucleic acids have appeared. Marshall 
and Smith (1977, 1980) reported the ^ F^ NMR spectrum and nuclear 
Overhauser effect studies of 5-fluorouracil-substituted coli 5S ribo-
somal RNA. Chemically synthesized 2'-deoxy-5-fluorouracil-substituted A. 
19 
cro operator DNA was investigated by F NMR, to monitor structural 
changes at specific thymidine sites in the nucleic acid upon X cro repres­
sor protein binding (Metzler et al., 1984). Cheng et al. (1983) studied 
a series of monomers and dimers containing 2'-fluoro-2'-deoxyadenosine. 
19 Gochin et al. (1984) obtain vivo F NMR spectra from 5-fluorouracil 
treated ^  coli cells. Mirau et al. (1982) and Delbarre et al. (1983) 
studied the intercalation of 5-fluorotryptamine and three fluorinated 
19 
acridine analogues into calf thymus DNA, by F NMR. Bolton et al. (1981) 
studied the interaction of the antimalarial drug fluoroquine with DNA, 
tRNA, and poly(A). 
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NMR of FUra-substituted tRNA 
Earlier ^ F^ NMR studies with purified FUra-substituted tRNA^ ^^  
showed 11 well-resolved resonances for the 14 FUra residues in the mole­
cule (Horowitz et al., 1977); the tRNA used, however, was known to be 
partially degraded. By analogy to the crystal structure of yeast tRNA 
(Sussman et al., 1978), the 14 FUra bases of tRNA^ ^^  should fall into 
three groups: (a) five nonhydrogen-bonded bases, 17, 33, 34, 47, and 59, 
(b) three tertiary hydrogen-bonded bases, 8, 54, and 55, and (c) six 
in 
secondary hydrogen-bonded bases, 4, 7, 12, 29, 64, and 67. F NMR 
spectra of mixtures of [FUra] tRNA demonstrated that the peaks fall into 
three well defined regions which corresponded to (a) peaks 1-3 (total 
area of three FUra), (b) peaks 4 to 8 (total area of 5), and (c) peaks 
9 to 13 (total area of 6) in the ^ F^ NMR spectrum of [FUra] tRNA^ *^ . 
Based on these data, it was proposed that the downfield resonances in the 
19 
F NMR spectra of FUra-substituted tRNAs correspond to residues partici­
pating in tertiary structural interactions, resonances in the upfield por­
tion of the spectra are due to residues in helical domains, and peaks in 
the central region of the spectra are due to nonhydrogen-bonded residues 
(Horowitz et al., 1977). 
Val Previous preparation of FUra-substituted tRNA  ^ was accomplished 
by a two-step chromatographic procedure (Horowitz et al., 1974). FUra-
enriched mixed tRNA was chromatographed on BD-cellulose and the valine-
accepting fractions were desalted and aminoacylated in a scaled-up reac-
Val 
tion. The valyl-tRNA  ^ was then derivatized with the phenoxyacetyl group 
and chromatographed a second time on BD-cellulose. The derivatized amino 
acid was removed by incubation under alkaline conditions at elevated 
25 
temperatures to yield FUra-tRNA ^  with a specific activity of 1230 pmol/ 
Val 2^60* procedure used to purify [FUra] tRNA ^  outlined in Methods 
was devised in order to avoid the high temperature and pH required for 
removal of the derivatized amino acid in the previous purification pro­
cedure (Horowitz et al., 1974). 
19 
F NMR spectra were obtained for two forms, termed (A) and (B), of 
FUra-substituted tRNA ^  from E_^  coli (Hills et al., 1983). Based on 
19 
sequence studies, the difference in the F NMR spectra of these forms 
was attributed to a fluorodihydrouridine derivative at residue 20 in the 
(A) form (chemical shift: -15 ppm) which replaces 5-fluorouridine in the 
same position in the (B) form (chemical shift: 4.3 ppm). These data 
19 yielded the first assignment of a F peak in the NMR spectrum to a 
specific position in the tRNA molecule. Further studies demonstrated 
that the peak at ca.-15 ppm could be attributed to a l-fluoro-2-ureido 
(N-ribofuranosyl) propionate residue formed during the purification pro­
cedure by alkaline hydrolysis of enzymatically produced 5-fluoro-5,6-
dihydrouridine (Figure 2; Horowitz et al., 1983). This was the first 
documented example of enzymatic recognition and modification of 5-
fluorouridine in tRNA. 
Theory of ^^ F NMR Relaxion in FUra-substituted tRNA^ ^^  
19 
F NMR relaxation studies provide a powerful method for determining 
motional characteristics of individual residues within biomacroraolecules 
(Hull and Sykes, 1974; 1975a; 1975b; Dettman et al., 1984). The elegant 
work of Hull and Sykes (1974; 1975a) with 3-fluorotyrosiue-substituted 
E. coli alkaline phosphatase provides an example of the application of 
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Figure 2. Alkaline hydrolysis of 5-fluoro-5,6-dihydrouridine to 
produce l-fluoro-2-ureido (N-ribofuranosyl) propionate 
27 
this methodology to the study of protein structural elements. The dis­
cussion which follows will outline the process of extracting motional 
parameters for 5-fluorouridine (FUrd) residues in FUra-substituted E. 
coli tRNA^ *!. 
Several mechanisms of nuclear spin relaxation exist. These include 
dipolar interaction with another nuclear spin, dipolar interaction with 
an unpaired electron spin, interaction of a quadrupolar nucleus with the 
electric field gradients of its chemical bonds, spin rotation (i.e., the 
interaction of a molecule's angular momentum with its nuclear spin; this 
mechanism is only effective when the motion is inertial rather than dif-
fusional), chemical shift anisotropy, and scalar coupling (Shaw, 1976). 
19 
F relaxation in fluorine-substituted nucleic acids (and other biomacro-
molecules) is dominated by two mechanisms, dipolar relaxation and chemi­
cal shift anisotropy (csa) (Hull and Sykes, 1975a), whose relative con­
tributions may be determined experimentally from the field-dependence of 
the relaxation parameters (i.e., csa is field dependent, dipolar relaxa­
tion is not). These relaxation parameters can be related through physi­
cally appropriate models to separate motional properties of the fluorine-
labeled nucleoside. Dipolar relaxation results from interaction of the 
19 1 
F nucleus with proximal dipolar nuclei (primarily H) and is modulated 
by molecular motions that cause dipolar fluctuations and thereby induce 
transitions between spin states (Solomon, 1955). Chemical shift aniso­
tropy results from a departure of the chemical shift tensor from spherical 
19 
symmetry within the molecular electron distribution surrounding the F 
19 
nucleus. By providing time-dependent fluctuations of the F Zeeman 
energy, the traceless component of the shift tensor can influence the 
28 
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relaxation behavior of the F nucleus (Hull and Sykes, 1975a). In the 
following sections, it will be shown that dipolar relaxation is sensitive 
to pseudorotational motions within the ribose moiety of the FUrd residue 
(the second link of internal motion relative to the ^ F^ atom), while csa 
relaxation is sensitive to torsional motions about the glycosidic bond 
(the first link of internal motion). 
Dipolar relaxation 
The following expressions (Hull and Sykes, 1974; Soloman, 1955; 
Schmidt et al., 1983) summarize the theory for extracting motional param-
Val 
eters in FUra-substituted tRNA ^  from experimentally-derived dipolar 
relaxation data. 
l/IjD = K Z r.Fj (1) 
L/T^G = 0.5K I R^J"* F2 = % AV^ (2) 
19 1 Where the nucleus i ( F) is being relaxed by spin j( H). and are 
the dipolar spin-lattice (T^ ) and spin-spin (TgJ relaxation rates; r^ j^ is 
O 
the internuclear (F-H) vector (2.58 A) obtained from the crystal structure 
of FTJra (Fallon, 1973); and Av^  is the dipolar (field-independent) ^ F^ 
linewidth. Other parameters are defined as follows: 
F^  = J(Wj - u)^ ) + 3J(u)^ ) + 6J(wL + Wj) 
F2 = FI + 4J(0) + 6J(WJ) 
K = (1/10) V 
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where the magnetogyric ratios (y) for F (i) and H(j) are = 2.5176 
X 10^  radian sec  ^and y^  = 2.6753 x 10^  radian sec ^ G respectively; 
J(uj) is the spectral density function which expresses the frequency dis­
tribution of the motion of a randomly tumbling molecule. 
It is useful to express the spin-lattice (T^ ) and spin-spin 
relaxation times as a ratio: 
1^D'^ 2^D ~ '^ ID^ o^ ~ ^ 2^ ^^ 1 
As shown in Equation 3, taking the ratio of and results in the can­
cellation of the r.. vector product terms (I r.. ^ ). This yields a func-
j 
tion that can be used to relate measured relaxation parameters to the 
correlation time (l. _) for internal motion of FUrd about any axis not 
parallel to the F-H vector (Hull and Sykes, 1974). When the axis is 
parallel to this vector, the angle of internal rotation O) is zero and 
this motion has no effect on the relaxation. Since the glycosidic bond 
is parallel to the F-H vector, torsional rates about this axis cannot be 
deduced from dipolar relaxation data. It is well-established that the 
nucleosides in DNA and SNA experience substantial motion on the nanosecond 
timescale (lipari and Szabo, 1981; Keepers and James, 1982; Levy et al., 
1983; Assa-Munt et al., 1984; Schmidt et al., 1983; Kao et al., 1983) 
which has been attributed to pseudorotational fluctuations between the 
various conformational isomers open to the ribose ring (Levitt and Warshel, 
1978; Levitt, 1983). This motion occurs at an angle (p = 109.5®) to the 
F-H vector and dipolar relaxation data can provide information about this 
type of internal motion. 
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The spectral density functions (J(u))) (Lipari and Szabo, 1981; 
London, 1980) can be used to relate the relaxation parameters (T^ g, 
19 1 
F{ H}NOE) to internal motion of FUrd residues in either a "model free" 
(Lipari and Szabo, 1982), or a model-dependent manner (Woessner, 1962; 
Hull and Sykes, 1975a; Schmidt et al., 1983; Dettman et al., 1984). The 
model-free formalism can be very useful in characterizing ill-defined 
motions. While this approach may describe the data, since the conforma­
tional polymorphs of nucleotides in RNA are well-defined (Levitt and 
Warshel, 1978; Holbrook and Kim, 1984), it does not optimally interpret 
the data in physically relevant terms. 
A number of physically reasonable models can be used to interpret 
the experimentally measured relaxation parameters in terms of specific 
internal motions of FUrd residues. Four such models were tested. These 
include the isotropic model in which the FUrd is rigidly tied to overall 
macromolecular reorientation (i.e., FUrd has no internal motion, I. « = ») 
and a model that allows free internal diffusion of FUra about an axis 
located at an angle P = 109.5° from the F-H vector (i.e., p is related by 
the tetrahedral geometry at ribose CI'). The following equations give 
the spectral density functions for these models: 
J(iu)free = ^  [?%/(! + + B [x^ /d + 
+ C [13/(1 + w^ TgZ)] (5) 
where is the correlation time for macromolecular reorientation, l/l^  = 
(1/lg + l/t_ 2)' l/tg = (1/tR + 4/%. 2), A = (1/4) (ScosVd^ , 
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B = Scos^ p (1-cos^ p), C = (3/4) (cos^ p-1)^ , and P is the angle between 
and the axis of internal rotation (= 109-5°). 
Models that incorporate jumps between potential energy minima or 
diffusion in a cone have been successfully applied to the interpretation 
of molecular motions in nucleic acids (Lipari and Szabo, 1981; Schmidt 
et al., 1983; Levy et al., 1983; Assa-Munt et al., 1984). These models 
each describe motions that match known librational characteristics 
peculiar to the nucleotide structure (Levitt and Warshel, 1978). The 
motions arise from the pseudorotational fluctuations which occur as the 
conformational isomers open to the ribose ring undergo rapid exchange. 
The effects of this conformer-exchange process are illustrated in 
Figure 3, where the motions which are modeled by the two-state jump 
(A) and diffusion in a cone (B) formalisms, are defined. The two-state 
jump spectral density function (J(w)jump) models a motion that occurs at 
an axis 109.5® from the F5-H6 vector. Since the FUra base is a relatively 
rigid unit (Burnell et al., 1982), the glycosidic bond is parallel to the 
F-H vector, which is thus located 109.5° from the Cl'-C2' (or Cl'-Ol') 
bond in the ribose portion of the nucleoside. When interpreted within 
the two-state jump formalism, dipolar relaxation data describe the rate 
and amplitude of a jump between potential energy minima by the Cl'-C2' 
(or Cl'-Ol') bond. Although ribose conformers in RNA exchange with a 
very low energy barrier, the C3'-endo and C2'-endo conformations repre­
sent local potential energy mimina (Levitt and Warshel, 1978). Since 
these conformation could form the extremes of a pseudorotational cycle, 
the correlation time, T. « has been interpreted as the rate of conformer 
exchange and the amplitude (0) as 1/2 the jump-angle between extrema for 
Figure 3. Pseudorotation of the ribofuranoside ring in nucleotides. (A) Two-state jump model 
showing the C2'-endo (i) and C3'-endo (ii) conformations as viewed down the C3'-C4' 
bond. (B) Diffusion in a cone model showing the geometrical relationship between the 
diffusion of the H6-F5 vector and the pseudorotational motion originating at CI'. 
The half-angles (0), the correlation times (t. «) for pseudorotational fluctuations 
in the ribose ring, and t. . for glycosidic torsional motion are defined in the figures 
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the two-states. These definitions are illustrated in Figure 3 (A) which 
shows the C2'-endo (i) and C3'-endo (ii) conformations as viewed down the 
C3'-C4* bond. The spectral density function for this model 
is given in Equation 6 
J(w)juap = 1 - c (yd + + [c yci + (6) 
where C = (3/4) [sin^ p (l-cos20)] [2 - sin^ p (l-cos26)], p = 109.5°, and 
6 is the jump half-angle for the 2-state jump between potential energy 
minima. 
In the diffusion in a cone model for interpreting the internal motion 
Val 
of FUrd in tRNA  ^, the diffusional motion of the F5-H6 vector does not 
exactly describe a cone but rather the frustrum of a cone (Spiegel, 1968), 
as illustrated in Figure 3 (B). In this case, the dipolar relaxation data 
are interpreted as describing the cone swept out by the Cl'-Nl glycosidic 
bond during the pseudorotational process since the motion of this bond is 
rigidly coupled to that of the F5-H6 vector. The relationship between 
these motions, the cone half-angle (0), and the correlation time for the 
pseudorotational motion (l. „) are shown in Figure 3 (B). The spectral 
density function for this model is given in Equation 7 
J(u))cone = ^  + (1 " A) Iz^ /Cl + (7) 
2 4 2 
where A = cos 0 sin 0/4 (1 - cos0) , is defined as above, and 0 is the 
cone half-angle for diffusion of the specified axis within a cone. 
The ^ F^{^ H} nuclear Overhauser enhancement (NOE) can also be related 
to the internal motion of the FUrd residue as follows (Solomon, 1955; 
Noggle and Schirmer, 1971): 
35 
NOE = (Wg - W^ )/(2W^  ^+ + Wg) = Fg/F^  (8) 
where W^ , and W2 denote zero-, single- and double-quantum transition 
rates, respectively, and F^  and F^  are; 
F_ = (3/5) J(uj. + uj.) - (1/10) J(uj. - uj.) 
O 1 J 1 J 
F^  = (3/10) J(u)^ ) + (1/10) J(wL - Wj) + (3/5) J(WL + w ) 
The spectral density functions, J(w), for the models of internal motion 
described above are also used in calculating the NOE. 
Chemical shift anisotropy relaxation 
The following expressions (Hull and Sykes, 1975a) summarize the 
theory for extracting motional parameters from experimentally derived 
csa relaxation data (T^  , T» ). Equations 9 and 10 give the X Y CS3 
expressions for the isotropic model: 
l/Tl,csa,isotropic = (9) 
l/Tz.csa,isotropic = »=  ^"(0)1 (10) 
okere K = (1/40) (1 + n^ /3) and J(w) = 2tjj/(l + The 
parameters 6^  and q describe the anisotropy (ô^  = 55 ppm), and asymmetry 
(n = +0.309) of the ^ F^ chemical shift tensor within FUra (Hull and Sykes, 
1975a; Burnell et al., 1981) obtained from the magnetic field dependence 
of the second and third moments of the NMR lineshape. 
The expressions for T^  and T^ , due to the csa relaxation mechanism 
with free internal diffusion about the glycosidic bond, are given in 
Equations 11 and 12: 
36 
>/^ l,csa.£ree = 
l/Tz.esa.free = ^  =lt"iW + "i»)! (12) 
1—u 
where L = (1/40) ïW^ , = (1/4) [(SCOSVd + (qsinVosS) 1^ , 
= (l/3)sin^ p[cos^ 3 (3 - ncosZy)^  + n^ sin^ 2y], and = [(3/4)°-^ sin^ p 
+ (r|/2V3) (1 + cos^ p) cos2y]^  + [(n^ /3) sin^ 2Ycos^ p] ; was defined 
above. The spectral density function that relates the experimentally-
derived csa relaxation data to the internal correlation time for diffu­
sion about the glycosidic bond (x. ) is given in Equation 13. 
J.(iu) = 21./(I + (13) 
""1 — 1 "1 — 1 — 1 "• 1 — 1 —1 
where = Xj^  + % ; Tg = 1 • 
Equations 14 through 16 allow determination of the dipolar and csa 
contributions to the relaxation of FUrd in tRNA^ ^^  (Hull and Sykes, 
1975a; Dettman et al., 1984). 
Av(u)) = A u)^  + Av^  (14) 
ivCu,) = AV^ ^^ (UI) + Av^ i l2,csa(w)'l = (15) 
= Tl,csa(w)'' ^  V' (IS) 
Since the csa contribution to the total linewidth is dependent on the 
2 
square of the magnetic field strength (u) ) (Eq. 14), while the dipolar 
contribution is independent of lu, extrapolation of a plot of Av(w) 
2 
versus lu to zero field-strength yields a field-independent linewidth 
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(Av^ ) that is primarily due to dipolar relaxation. The A-factor describes 
19 the field dependence of the F linewidth and may be obtained as the slope 
of the plot described above. This parameter (A) can be calculated a 
priori (Hull and Sykes, 1975a). Assuming that csa is the only field-
dependent mechanism (determined by comparison of computed and measured 
A-factor, see Hull and Sykes, 1975a), Av and T,, may be determined 
csa 2,csa  ^
-1  2  
using Equation 15. A plot of T^  versus u) may be extrapolated to zero 
field to obtain TL^ ; T, can then be calculated (using Eq. 16) in a IJJ X Y CS5 
manner analogous to the determination of Av described above. 
csa 
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EXPERIMENTAL PROCEDURES 
Materials 
E. coli strain B was obtained from Grain Processing, Muscatine, Iowa. 
5-fluorouracil was donated by Hoffman-LaRoche. Radioactive amino acids 
were obtained from New England Nuclear or ICN. Acrylamide and N,N-
methylene bisacrylamide were obtained from Fisher Chemicals and were re-
crystallized from chloroform or acetone according to the procedure of 
Loening (1967) prior to use. Sephadex G-50, Sephacryl S-200, and 
Sepharose 4B were purchased from Pharmacia. Bio-Rad Laboratories was the 
source of BD-cellulose and DEAE-cellulose was obtained from Whatman, 
either preswollen (DE-52) or as a powder (DE-32). RPC-5 adsorbant was 
prepared according to method C of Pearson et al. (1971). Adogen 464 
(Ashland Chemical Company, Columbus, Ohio) and Plaskon CTFE 2300 powder 
(Allied Chemical Company, Elizabeth, NJ; sized to 100-250 mesh) were the 
generous gifts of Dr. Ivan Kaiser, Dept. of Biochemistry, University of 
Wyoming, Laramie, WY. The high pressure pump and reenforced glass column 
used for RPC-5 chromatography were salvaged from a Beckman automated amino 
acid analyzer. Pyronine Y stain was purchased from Eastman Kodak. 2,5-
diphenyloxazol (PPO), 1,4-bis-[2-(5-phenyloxazol)l-benzene (POPOP), and 
Carbowax PEG 6000 were Fisher products. S-Fluorouridine-S'-diphosphate 
was purchased from Sierra Bioresearch. Deuterium oxide (99.8%, Gold 
Label), sodium deuteroxide (30% (W/V)), and sodium cacodylate were from 
Aldrich. All other reagents were of analytical grade or higher. Eastman-
Kodak X-OmatR film XAR-5 was used for fluorography. 
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Phenol was distilled prior to use to remove impurities and the dis­
tillate was stored at 4®C in the dark. 
Dialysis tubing was pretreated by heating at 80-90®C in 5.4 mM EDTA, 
14 mM sodium bicarbonate, and 7 mM 2-mercaptoethanol for 30 min to remove 
heavy metal and enzyme contaminants. The tubing was then thoroughly 
washed and stored at 4°C in deionized H^ O. 
Methods 
Growth of E. coli in the presence of 5-fluorouracil 
E. coli B cells were grown on a minimal glucose-salts medium 
(Demerec and Cahn, 1953) in 5 gal jugs with aeration at 37°C. 5-fluoro­
uracil and thymidine were added to a final concentration of 25 jJg/mL 
when the cells reached exponential growth as determined by turbidity 
measurements at 650 nm in a Spectronic 20. Incubation was continued for 
3 h. Cells were then chilled, concentrated to a small volume in an 
Amicon Pelicon concentrating apparatus, and harvested by centrifugation 
at 4000 X g for 10 min in a Beckman J-21C centrifuge (JA-14 rotor). 
Cells were then washed two times with 10 mM Tris-HCl, pH 7.4 containing 
10 mM magnesium acetate, collected by centrifugation as above, and stored 
as a frozen paste at -20°C. This yielded 20-35 g of cells/15 L culture. 
Preparation of tRNA 
RNA was extracted from cells with phenol according to the method of 
Zubay (1966). Thawed E^  coli cells were suspended at a concentration of 
0.5 g/mL in 1 mM Tris-HCl, pH 7.4, 10 mM magnesium acetate. 0.86 volume 
of 90% phenol was added and the suspension was shaken for 2 h at room 
40 
temperature. This mixture was then ceatrifuged for 10 min at 10,000 xg 
to separate the aqueous and pheaol layers. The aqueous phase (top) was 
collected by aspiration taking care not to disturb the debris at the 
interface. The phenol layer was washed 2 times with 1 mM Tris-HCl, 
pH 7.4, 10 mM magnesium acetate, the emulsion was broken by centrifuga-
tion as above, and all aqueous portions were combined. RNA was then 
precipitated by addition of 0.1 volume of 20% potassium acetate, pH 5, 
and two volumes of cold 95% ethanol. After collecting the precipitate 
and dissolving the RNA in 1 mM Tris-HCl, pH 7.4, 10 mM magnesium acetate, 
the RNA solution was shaken with an equal volume of 90% phenol for 30 
min. The emulsion was broken by centrifugation and the phenol layers 
washed as described above. The phenol extraction procedure was repeated 
until no white fluffy layer was seen at the phenol-HgO interface. Follow­
ing the final phenol extraction, the RNA was precipitated from the aqueous 
layers with cold ethanol, collected, and dissolved at a concentration of 
2.5 mg/mL in 300 mM sodium acetate, pH 7.0. RNA concentration was deter-
0 1% 
mined from the absorbance at 260 nm, assuming a value of E26O ~ 2^ -
High molecular weight RNA was removed from the preparation by iso-
propyl alcohol treatment (Zubay, 1966). 0.54 volume isopropyl alcohol 
was added to the RNA solution at 20°C. The precipitated RNA was collected 
by centrifugation and dissolved in 0.3 M sodium acetate, pH 7.0. Iso-
propanol precipitation was repeated on this solution as described above. 
After centrifugation at 20®C, the supernatant was combined with the first 
supernatant, and RNA was precipitated by addition of 0.23 volumes of 
isopropyl alcohol at -20°C. 
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Transfer RNA was separated from 5S rRNA and residual high, molecular 
weight RNA by gel filtration chromatography on a 2.5 x 235 cm Sephacryl 
S-200 column at room temperature. Approximately 400 mg of RNA, dissolved 
at a concentration of 20-30 mg/mL in 0.5 M sodium acetate buffer, pH 4.5 
was applied to the column and eluted with the same buffer. Fractions of 
4 ml were collected at a flow rate of 0.6 mL/min. 
Purification of FUra-substituted valine tRNA 
FUra-substituted tRNA^ ^^  was purified by a series of chromatography 
steps. At each step, the fractions containing valine tRNA were located 
by amino acid acceptance assay. Salt gradients were monitored by con­
ductivity measurements. All procedures were carried out using buffers 
prepared from autoclaved deionized distilled water; glassware was baked 
at 140*0 for 4 hr prior to use. Gloves were worn to prevent ribonuclease 
contamination. 
DEAE-cellulose FUra-substituted tRNA was separated from normal 
tRNA by anion exchange chromatography on a DEAE-cellulose column at pH 
8.9 as described by Kaiser (1969) based on the difference in pKa of 
FUra (8.15) compared to uracil (9.45). Typically, 450 mg of tRNA was 
resuspended to a concentration of 2.5 mg/mL in 20 mM Tris-HCl, pH 8.9 
containing 0.2 M NaCl and applied to a 77.5 x 5 cm column equilibrated in 
the same buffer. The column was developed at room temperature with a 
concave gradient of NaCl from 0.325 M (6 L) to 0.6 M (2 L) prepared in 
the same buffer. 25 ml fractions were collected at a flow rate of 2 ml/ 
min in test tubes containing 0.33 ml of 20% potassium acetate, pH 5, to 
lower the pH. Fractions containing valine tRNA were pooled and concen­
trated by ethanol precipitation. 
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BD-cellulose FUra-substitute tRNA  ^ from the DEAE-cellulose 
column was fractionated further on a 0.9 x 110 cm BD-cellulose column at 
4®C (Gillam et al., 1967). Typically, about 160 mg RNA, dissolved at a 
concentration of 48 units per mL in 10 mM sodium acetate, pH 5.5 
containing 10 mM magnesium sulfate and 0.3 M NaCl, was loaded on the 
column and the column developed with a linear gradient (700 mL) from 
0.3 M to 1.5 M NaCl prepared in the same buffer. 4.2 mL fractions were 
collected at a rate of 0.4 mL/min. 
Sepharose 4B The final step in the purification of FUra-substi-
Val tuted tRNA  ^ was accomplished using a reverse concentration gradient of 
ammonium sulfate on a 2 x 96 cm Sepharose 43 column (Holmes et al., 1975; 
Colantuoni et al., 1978). About 300 mg of tRNA was dissolved at a con­
centration of 10 mg/mL in a buffer containing 10 mM sodium acetate, pH 
4.5, 10 mM MgClg, and 1-5 M ammonium sulfate, and applied to the column 
equilibrated with the same buffer. The tRNA was eluted with a 3 L linear 
reverse gradient of ammonium sulfate from 1.5 M to zero. 12 mL fractions 
were collected at a rate of 0.8 mL/min at 4®C. The tRNA^ ^^  containing 
fractions were pooled and sufficient solid ammonium sulfate was added to 
achieve 1.5 M as determined by conductivity measurements. This pool was 
then applied to a 3 x H cm DEAE-cellulose column equilibrated with 10 mM 
sodium acetate, pH 4.5, 10 mM MgCl^  and 1.5 M ammonium sulfate, in order 
to remove the ammonium sulfate which interferes with resuspension of 
ethanol precipitates (Gillam and Tener, 1980). Following application of 
the sample, ammonium sulfate was washed from the column with two column 
volumes of 10 mM sodium acetate, pH 4.5 buffer containing 10 mM MgCl^  
and 0.3 M NaCl. The tRNA was eluted with 1.1 M NaCl in the same buffer 
43 
and the valine tRNA-containing fractions were pooled and concentrated by 
ethanol precipitation. 
RPC-5 Although minimal additional purification was achieved on 
RPC-5 reverse phase columns (Pearson et al., 1971), FUra-substituted 
Val 
tRNA J was resolved into two varients, denoted (A) and (B) by their 
order of elution. The RPC-5 column (66 x 0.9 cm) was equilibrated at 
room temperature with 10 mM Tris-HCl, pH 4.5 containing 10 mM MgClg and 
0.5 M NaCl at a pressure of approximately 210 psi. 2 mg FUra tRNA^ ^^  
from the Sepharose 4B column was diluted to 3 mL in the buffer described 
above, loaded into a 4 mL sample loop and injected onto the column using 
an in-line injection apparatus. A 500 mL linear NaCl gradient from 0.5 M 
to 0.75 M prepared in the same buffer was pumped through the column while 
3 mL samples were collected at a rate of 1.4 mL/min. On occasion, larger 
sample sizes (4-6 mg) were used to obtain sufficient FUra tRNA^ ^^  (A) 
19 
and (B) for F NMR studies. The resolution of the (A) and (B) varients 
diminished rapidly at sample sizes > 3 mg. 
Preparation of 6-deutero-5-fluorouracil-substituted valine tRNA 
6-deutero-5-fluorouracil was synthesized as described by Cushley 
et al. (1968). 3.25 gm solid FUra was dissolved in a solution of 6.8 mL 
30% (w/v) sodium deuteroxide diluted to 100 mL with deuterium oxide. 
This solution was incubated at 60°C for 4 h. Progress of the reaction 
was monitored at 15 min intervals by loss of the FUra H6 NMR signal 
intensity in a 300 MHz Nicolet NT300 FT NMR spectrometer. After comple­
tion of the reaction, the reaction mixture was lyophilized, resuspended 
in 40 mL HgO; neutralized by addition of concentrated HCl, and again 
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lyophilized to dryness. The identity of the product was verified by loss 
19 1 19 
of the F- H scalar coupling in the F NMR spectrum; the observed 
10 
singlet resonated 73.3 Hz upfield of the FUra F doublet. 
E. coli cells were grown in the presence of 6-deutero-5-fluorouracil 
and the analogue-substituted tRNA^ ^^  was purified as described previously 
for non-deuterated tRNA. Since the deuteration reaction is reversible 
at elevated pH, retention of the deuterium was verified by hydrolyzing a 
15 mg sample of unfractionated 6-deutero-FUra-containing tRNA, obtained 
after DEAE-cellulose chromatography, with 42 units ribonuclease PI for 
19 20 h at 37°C. The F NMR spectrum of the hydrolyzate demonstrated a 
19 1 lack of F- H scalar coupling, thus verifying the retention of the 
deuterium atom. Evidence for label retention in purified 6-deutero-5-
Val fluorouracil tRNA  ^ comes from isotope effects seen on the chemical 
19 
shifts of the F NMR peaks. Each peak in the spectrum of the deutero-
Val 
FUra labeled tRNA ^  was shifted 0.31 ppm upfield (standard deviation: 
±0.03 ppm; range: 0.29 to 0.38 ppm). 
Preparation of poly fluorouridylic acid 
Poly (FU) was synthesized from 5-fluorouridine-5'-diphosphate with 
M. luteus polynucleotide phosphorylase as described by Szer and Shugar 
(1963). Reactions were carried out by incubating a 410 pi reaction 
mixture containing 0.15 M Tris-HCl, pH 8.5, 10 mM MgClg, 0.4 mM EDTA, 
1 mM sodium azide, 20 mM 5-fluorouridine-5'-diphosphate, and 3 mg/mL 
polynucleotide phosphorylase for 16 h at 37°C. The reaction was freed 
of protein by extracting three times with equal volumes of chloroform-
isoamyl alcohol (5:2) according to Scheit and Gaertner (1969). The 
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aqueous phases were combined and sufficient 1.2 M triethylammonium bi­
carbonate, pH 8.0 was added to yield a final concentration of 50 mM. 
This sample was applied to a 0.7 x 31 cm Sephadex G-50 column equi­
librated in the same buffer at 4°C. The column was eluted with 50 mM 
triethylammonium bicarbonate, pH 8.0 at a flow rate of 0.38 mL/min; 
0.65 mL fractions were collected. The early eluting material was pooled, 
rotovapped to dryness three times, resuspended in a small volume of water, 
and lyophilized to dryness. This sample (9.8 units) was dialyzed 
against 50 mM sodium cacodylate, pH 6.0 containing 15 mM MgClg, 100 mM 
NaCl and 1 mM EDTA for NMR studies as described below. 
Amino acid acceptance assay 
The aminoacylation activity of tRNAs was measured in a reaction 
mixture containing, in a total volume of 100 |JL: 100 mM HEPES, pH 7.5, 
10 mM KCl, 10 mM ATP, 1 mM dithiothreitol, 20 mM magnesium acetate, SO-
SO |JM radioactive valine (either ^ C^-labeled, specific activity ca. 
50 pCi/pmole or ^ H-labeled, specific activity 200-500 pCi/pmole), 
300 pg/mL partially purified aminoacyl-tSNA synthetases, and 1-20 
tRNA. The mixture was incubated for 30 min at 37°C and the reaction was 
then stopped by addition of 2 ml 5% trichloroacetic acid. After standing 
10-60 min in an ice bath, the precipitate was collected on Millipore 
filters and washed two times with cold 5% trichloroacetic acid. The fil­
ters were dried under a heat lamp, and counted in a toluene based scintil­
lation cocktail containing 0.5% (w/v) PPG and 0,1% (w/v) POPOP in a Beck-
man LS3150T or LS7500 liquid scintillation counter. 
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Aminoacyl-tRNA synthetases were purified to remove tRNA and nucleases 
by the procedure of Muench and Berg (1966). 235 gm of ^  coli strain B 
was suspended in 70 ml TMA2:buffer (10 mM Tris-HCl, pH 7.4, containing 
10 mM MgClg, 60 mM NH^ C1,6 mM 2-mercaptoethanol, and 3 |Jg deoxyribonuclease 
[ribonuclease free]). Cells were disrupted by passage through a French 
Pressure Cell at 12,000-18,000 psi and debris was removed by centrifugation 
at 10,000 rpm at 4°C in a Beckman J21-C centrifuge (JA-14 rotor). The 
supernatant was adjusted to 400 ml with TMA2 and further clarified by 
centrifugation at 35,000 rpm at 4®C. The upper clear supernatant (205 ml) 
was then adjusted to 0.01 M Tris-HCl, pH 8, 0.01 M MgCl^ , 10% (v/v) 
glycerol, 15 mM ammonium chloride, and 1.5 mM 2-mercaptoethanol in a 
volume of 840 mL and applied to a 5 % 55 cm DEAE-cellulose column equi­
librated with a 0.02 M potassium phosphate buffer, pH 7.5 containing 
0.02 M 2-mercaptoethanol, 1 mM MgClg, and 10% (v/v) glycerol. The column 
was developed with this buffer. 20 mL fractions were collected at a rate 
of 1.6 mL/min and the elution profile was followed by absorbance measure­
ments at 260 and 280 nm. After 370 fractions had been collected aminoacyl-
tKNA syntheses were eluted with a 0.25 M potassium phosphate buffer, 
pH 6.5 containing 0.02 M 2-mercaptoethanol, 1 mM MgClg, and 10% (v/v) 
glycerol. The pooled fraction was estimated to contain 1150 mg protein 
by measurement of the A^ gQ to Ag^ g ratio (Warburg and Christian, 1942). 
This 880 mL fraction was concentrated to 75 ml (ca. 15 mg protein/mL) by 
dialysis against a 1 mM potassium phosphate buffer, pH 6.8 containing 
0.02 M 2-mercaptoethanol, 10% (v/v) glycerol, and 15% (w/v) Carbowax 
PEG 6000. 
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This fraction was then assayed for valine tRNA synthetase activity 
(Scott, 1968) in a 100 pL reaction mixture containing 0.1 M HEPES buffer, 
pH 7.5 10 mM KCl, 20 mM magnesium acetate, 10 mM ATP, 1 mM dithiotreitol, 
3 
50 |JM [ H] valine (specific activity 200-500 pCi/p mole), 0.5 mM in each 
of the other 19 amino acids, 7.3 mg/mL E. coli B tRNA (Plenum), and suf­
ficient 1 mg/mL bovine serum albumin to maintain 40 (Jg total protein per 
assay. The assay was run at 0 to 40 jjg protein/assay to determine the 
linear range of a specific activity versus protein concentration curve. 
Time points (0 to 60 min) were tested to determine the steady-state inter­
val for the reaction. 
Polyacrylamide gel electrophoresis 
Analytical gel electrophoresis of RNA samples was carried out on 
0.6 X 10 X 10 cm 10% polyacrylamide gels containing 7 M urea according to 
the procedure of Richards et al. (1965) as modified by Monier and Feunteun 
(1971). Gels were cast in an apparatus which consisted of two double 
strength glass plates, one containing a 2 x 8 cm notch, sandwiched to-
» 
gether with 1/4 x 1/16 in Incite spacers sealed lightly with stopcock 
grease on the bottom and sides. A 10% acrylamide solution containing 
0.5% N,N-methylene bisacrylamide, 20 mM Tris-Acetate, pH 8, 1 mM, EDTA, 
and 7 M urea was allowed to polymerize, following degassing under vacuum 
by rapid addition of 0.02 mL/30 mL N,N,N',N'-tetramethylethylenediamine 
and 100 JJL/SO mL 10% (w/v) ammonium persulfate. A comb was inserted into 
the notch at the top of the apparatus to form sample wells. The comb and 
bottom spacer were carefully removed from the glass plate-gel assembly, 
and the latter was clamped and sealed to the apparatus with the notch 
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facing the upper electrode buffer well. The upper and lower electrode 
buffer wells were filled with 20 mM Tris-Acetate buffer, pH 7 containing 
1 mM EDTA and 7 M urea and the gel was preelectrophoresed for 1.5 h at 
35 mA. A 1 to 5 pg tRNA sample in 10 |JL H2O was mixed with a 10 |JL 40% 
sucrose solution containing 0.1% bromphenol blue, 0.1% xylene cyanol and 
8 M urea and layered in each of the 8 or 10 sample wells. Electrophoresis 
was carried out at 12.5 mA until the bromphenol blue tracking dye migrated 
off of the gel. The gel was then removed from the apparatus and stained 
by shaking 4-5 hours in a 1% pyronine Y solution in 15% acetic acid ac­
cording to the method of Marcinka (1972). The gel was destained by shak­
ing in 7.5% acetic acid. Transfer BNA samples used for electrophoresis 
were occasionally renatured by heating ([tRNA] > 1 mg/mL) to 60°C in a 
0.01 M Tris-HCl, pH 6.9, 0.01 M MgClg buffer followed by slow cooling to 
room temperature (Aubert et al., 1968), 
Analysis of nucleoside composition 
Nucleoside composition of RNA preparations was determined by a 
tritium derivitization method (Randerath et al., 1972; Randerath et al., 
1974). The first step was hydrolysis of the RNA to nucleosides. RNA was 
dissolved in a total volume of 10 pL containing 30 mM sodium bicine, 
pH 8.0, 10 mM MgClg, 0.2 pg/pL ribonuclease A, 0.2 pg/pL snake venom 
phosphodiesterase, and 0.16 pg/pL bacterial alkaline phosphatase, and the 
mixture was incubated at 37®C for 6 h. A 4 pL aliquot of the digest was 
oxidized to a mixture of nucleoside dialdehydes by reaction with 1.2 mM 
sodium periodate for 2 h in the dark at room temperature; the total reac­
tion volume was 20 pL. Reduction of the dialdehydes to nucleoside tri-
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alcohols was carried out by cooling the sample briefly on ice, adding 
potassium phosphate, pH 6.8, to a concentration of 14 mM, and incubating 
with 10 mM [^ H]-labeled KBH^ , 3 Ci/mmol, for 2 h in the dark at room 
temperature in a volume of 25 |JL. Addition of 30 pi of 2 N acetic acid 
stopped the reaction and destroyed excess [ H]-KBH^ . The samples were 
then evaporated to dryness overnight in a vacuum desiccator over NaOH. 
The resulting nucleoside trialcohols were taken up in 10 pL of 0.1 M 
formic acid and separated by two dimensional thin layer chromatography on 
20 X 20 cm cellulose sheets. The first dimension was developed with a 
freshly prepared mixture of acetonitrile, ethyl acetate, 1-butanol, 2-
propanol, 6 N ammonium hydroxide (7:2:1:1:2.7). After the cellulose 
sheet was dried, a 6 cm Whatman #1 paper wick was stapled to the top of 
the plate in the second dimension. The solvent for the second dimension, 
t-amyl alcohol, methyl ethyl ketone, acetonitrile, ethylacetate, H^ O, 
formic acid (40:20:14:20:14:1.8), was run to within 0.5 cm of the top of 
the wick. 
The location of the separated nucleoside trialcohols was determined 
by fluorography (Randerath and Randerath, 1971). Chromatograms were 
coated with PPG by pouring 14 mL of a 7% solution in diethyl ether over 
each cellulose sheet. Coated chromatograms were stapled to x-ray film 
(Eastman-Kodak X-Omat R), and the film was exposed for 24-28 h at -70®C. 
Location of the nucleoside trialcohols on the chromatogram were determined 
from the developed film. The corresponding spots were cut from the chrom­
atogram, and eluted from the cellulose sheet overnight with 2 M ammonium 
hydroxide. Aliquots of the eluant were counted in a scintillation cock­
tail containing 25% (v/v) Triton X-114, 0.3% (w/v) PPO, 0.02% (w/v) 
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POPOP in xylene. Recovery of the trialcohol of 7-methylguanosine is 
only 64% by this procedure (Randerath et al., 1972), and calculations of 
nucleoside composition were corrected accordingly. 
Bisulfite modification of tRNA 
Transfer RNA was reacted with 2M sodium bisulfite at pH 7.0 essen­
tially as described by Schulman and Pelka (1977). Solid sodium sulfite 
(16.9 mmol) and sodium metabisulfite (1.6 mmol) were dissolved in 10 ml 
of 10 mM MgCl^  to yield a solution of 2M sodium bisulfite, pH 7.0. The 
tRNA sample, after ethanol precipitation, was dissolved in the bisulfite 
solution at a concentration of 30 A^ gg/mL, and incubated at 22°C. After 
6 hours, the sample was diluted to 10 ^ 260^ ™^  with water and dialyzed 
twice against 1000 volumes of 10 mM sodium acetate pH 4.5, containing 
0.15 M NaCl and 10 mM MgClg, followed by dialysis against 1000 volumes 
of water. Reversal of the bisulfite addition reaction was accomplished 
by incubating the modified tRNA in 100 mM Tris-HCl, pH 9, at 37°C for 8 
hours. 
Temperature-absorbance profiles 
Absorbance changes were monitored at 260 nm with a Gilford Model 250 
spectrophotometer in 1 cm pathlength quartz cuvettes. The sample temper­
ature was controlled by circulating water from a variable temperature 
bath through a thermal jacket surrounding the sample chamber. The tem­
perature was increased at a rate of 0.3®C per minute and was monitored 
via a thermocouple implanted in the sample chamber. Transfer RNA samples 
2+ 
were freed of Mg by dialysis as described previously, and dissolved in 
50 mM sodium cacodylate buffer pH 6.0 containing 100 mM NaCl, 1 mM EDTA, 
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2 10% HgO and either zero or 15 mM MgClg. The concentration of tRNA was 
adjusted to give an of approximately 1.0 at room temperature. Buf­
fers were degassed by heating at 60°C for 5 min wth stirring, and then 
cooled to room temperature just prior to addition of the tRNA. 
19 F NMR spectroscopy 
Transfer RNA samples (3.5-7 mg) were dissolved in 55-55 mM sodium 
cacodylate, pH 6.0 (or pH 7.0) containing 16.66 mM MgCl^ , 111.11 mM 
NaCl, and 1.11 mM EDTA, and dialyzed against the same buffer at 4®C in a 
flow dialysis microcell (BRL model No. 1200MA). was added to a final 
concentration of 10% to provide an internal deuterium lock signal and the 
volume of the tRNA sample was adjusted to 310 jiL. When necessary, the 
2 
sample was transferred to H^ O by lyophilization and resuspension twice 
2 in 99.98% H^ O (Stohler Isotope Chemicals) under an atmosphere of nitro­
gen gas. This yielded a solution of 0.1 to 0.75 mM FUra-substituted 
tRNA^ j^  in 50 mM sodium cacodylate, pH 6.0 containing 15 mM MgClg, 
100 mM NaCl, 1 mM EDTA and 100% ^ H^ O. 
The sample was then transferred to a Wilmad 529A-10 NMR microtube 
which was suspended in a 10 mm NMR sample tube and surrounded with sample 
buffer containing 1 mM FUra as an external standard. Most spectra were 
2+ 2+ 
obtained on samples in 15 mM Mg . To remove Mg for studies at low 
divalent cation concentrations, tRNA samples were dialyzed against buffer 
containing 10 mM EDTA and 100 mM NaCl; this procedure yielded tRNA con-
2+ 
taining 1-2 Mg ions per molecule as determined by atomic absorption 
measurements on a Perkin-Elmer 2000 AA spectrophotometer (kindly provided 
by Dr. E. Travis Littledike, National Animal Disease Center, Ames, lA). 
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Mg or NaCl concentrations were increased by the addition of appropriate 
volumes of 150 mM MgCl2 or 3M NaCl, respectively. 
19 
F MR spectra were obtained on a Bruker W300 pulsed FT NMR spec­
trometer operating at 282 MHz. Spectra were collected using SK data 
points, no relaxation delay and a pulse width sufficient to optimize the 
Ernst condition (Shaw, 1976), except when complete relaxation was essen­
tial in which case a 5 sec relaxation delay and 90° pulse angle were 
employed. The temperature was controlled to ± 1®C by the Bruker temper-
19 
ature control unit with nitrogen gas as coolant. F chemical shifts 
were determined relative to FUra; shifts to higher shielding are indicated 
by negative numbers. Integration was performed using DISNMRP software 
supplied with the on-line Aspect 2000 computer. After each set of 
experiments, the activity of the tRNA sample was checked by aminoacylation 
assay and possible degradation monitored by polyacrylamide gel electro­
phoresis. 
19 F NMR relaxation measurements 
Spin-lattice relaxation rates (T^ ) were measured at 282.407 MHz on 
the Bruker W300 FT NMR spectrometer by the 180°-T-90® inversion-recovery 
method with seven X values ranging from 0.04 to 5 sec. T^  values were 
calculated from three-parameter nonlinear fits to experimental points 
(Levy et al., 1975) using DISNMRP software, supplied by Bruker with the 
on-line Aspect 2000 computer. Spin-spin relaxation rates (Tg) were esti-
19 
mated from the F linewidths of spectra obtained at 282.4 MHz (Bruker 
W300) and 84.25 MHz (JOEL FX90Q or Bruker HX-90E), after correction for 
19 1 
exponential linebroadening and the F- H scalar coupling constant (7 Hz 
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for FUrd). Linewidths were taken as the width at half-height; these 
values were calculated for well-resolved peaks by fitting the experimental 
data to Lorentzian line shapes using DISNMRP software. For overlapping 
resonances, linewidths were determined by manual deconvolution of the 
peaks. A computer graphics program LORENTZ, written in Commodore BASIC, 
was useful in the deconvolution process. This program simulates over­
lapping Lorentzian line shapes and allows input of variable linewidth, 
peak intensity and peak position data for multiple NMR peaks. The pro­
gram outputs a bit-mapped graphic visualization of single defined NMR 
lines and simulates a linear superposition of the overlapping peak data. 
Linewidths obtained compared favorably with calculated values, thus 
justifying the process used to estimate them. All 84.25 MHz linewidths 
were determined manually. NOE measurements were made at 282.4 MHz 
by continuous broadband decoupling of the proton spectrum at 300.1 MHz. 
The NOE may be calculated according to the following equation: NOE = 
(lirrad ' i^rrad o^ peak intensities in the presence 
and absence of the saturating radio frequency field respectively. Cross-
19 irradiation of F by proton decoupling power spillover was prevented by 
inserting proper filters in the transmitter and receiver leads. These 
19 filters were found to be essential since, in their absence, the F NMR 
spectrum is completely collapsed. Since gated decoupling was not used, 
the NOE spectrum is Overhauser enhanced but not decoupled. Thus, any 
19 
F intensity changes on proton irradiation are due to Overhauser effects 
and not to collapse of the F-H scalar coupling. H^ NMR spectra of the 
Val 
aromatic proton region of FUra tRNA  ^ were obtained at 300.1 MHz by 
19 tuning the F probe to the proton resonances frequency. Theoretical 
54 
relaxation parameters were calculated using computer programs which were 
written in Commodore BASIC and run on a Commodore 64 microcomputer. 
These programs are listed in the Appendix. 
19 
F homonuclear Overhauser effects 
19 
F homonuclear Overhauser effect measurements were accomplished at 
282.4 MHz using a hybrid electronic frequency generator connected to the 
19 
F probe of the Bruker W300 FT NMR spectrometer. The components con­
sisted of a Programmed Test Sources PTS160 frequency synthesizer (0.1-
l60 MHz) which was RF-gated into a Boonton Radio Co. 230A power amplifier 
under control of the Aspect 2000 computer supplied with the spectrometer. 
The frequency of the amplifier output was multiplied 6-fold using a x2 
amplifier from the Bruker HX-90E and a X3 ^ H amplifier from the W300 
spectrometer. This signal was sent through a preamp and an in-line 
19 power meter and applied to the decoupling coil on the F probe. 
The decoupling frequency was calibrated by collecting a single scan 
with continuous decoupling at a given setting on the frequency generator 
and observing the decoupled frequency after Fourier transformation. The 
experimental irradiation frequency was then set by dividing the differ­
ence between the selected frequency and the calibration frequency by 6 
and subtracting from the frequency generator setting. 
Nuclear Overhauser effect measurements were made on 6-deutero-5-
fluorouracil-substituted tRNA^ ^^  in 100% ^ H^ O, 50 mM sodium cacodylate, 
pH 6.0, 15 mM MgCl2, 100 mM NaCl and 1 mM EDTA. The pulse sequence, 
which was under software control, consisted of a 300 ms 45 mW preirradia-
tion pulse at the frequency of interest followed by a 4 ps delay, a 90° 
55 
observation pulse and a 5 s relaxation delay prior to the subsequent 
scan. Typically, ca. 5000 scans were collected with a sample concentra­
tion of approximately 0.7 mM. Overhauser effects were observed by taking 
the difference between the on-resonance irradiated spectrum and a spectrum 
collected with irradiation 4 ppm upfield from the"FUra standard peak (off-
resonance) . 
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RESULTS 
Purification of FUra-substituted tRNTA^ j^  
Val 
The previous purification procedure for [FUra]tRNA ^  (Horowitz et 
al-, 1974) consisted of aminoacylating partially purified FUra-substituted 
Val 
valine tRNA, derivatizing the valyl-tRNA ^  with the hydrophobic phenoxy-
Val 
acetyl group, and purifying the derivatized aminoacyl-tRNA  ^ based on its 
preferential retention on the hydrophobic BD-cellulose. Subsequently, the 
Val derivatized amino acid was stripped from the purified [FUra] tRNA ^  by 
incubating the preparation at high temperature and high pH, conditions 
known to be harmful to RNA phosphodiester linkages. For this reason, it 
was useful to devise a new purification procedure which consisted of the 
series of column chromatography steps at 4-25°C and pHs of 4.5 to 8.9 
outlined in Methods. 
Interestingly, the partially purified valine-tRNA was split into 
two marginally resolved peaks on BD-cellulose, possibly indicative of 
structurally dissimilar isomers. In the final step, chromatography on 
Val 
RPC-5, [FUra] tRNA ^  was resolved into two variants, designated the (A) 
Val 
and (B) forms of [FUra] tRNA  ^ based on their order of elution from RPC-5 
(Figure 4). Specific activities exceeding 1600 pmol/A2^ Q unit have been 
Val 
achieved in the purification of tRNA ^  prior to resolution of the (A) and 
(B) forms; marginal further purification resulted upon separation of these 
isoacceptors. Thus, unless the two forms were required separately, samples 
used during the course of these studies consisted of a variable mixture of 
Val 
these forms. Samples used for NMR contained about 80% [FUra] tRNA  ^ form 
(B). Chromatography on Sepharose 4B resulted in partial resolution of the 
Figure 4. Chromatography of FUra-substituted tRNA . on RPC-5. Purified FUra-substituted 
Val 
tRNA J was resolved into variants denoted (A) and (B) based on their order of 
elution as described in Methods. The column was developed with a linear NaCl 
gradient. The 3 mL fractions were assayed for valine acceptance activity (o—o) 
and Ag^ Q ( ). NaCl concentration (•—•) 
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two forms. Higher specific activities were achieved when samples were 
pooled so as to achieve an enrichment of form (B). 
A broad peak of valine accepting activity always eluted ahead of the 
(A) and (B) forms on Sepharose 4B and this was pooled separately as the 
"minor valine" pool. Rechromatography of this material on Sepharose 4B 
with a shallower ammonium sulfate gradient resulted in the resolution of 
3-4 peaks. This material was not further characterized. Several lines of 
evidence indicate the existence of additional isoacceptor forms of [FUra] 
tENA^ ^^ , tRNA^ ®^  , and tRNA^ ®^ . FUra-substituted tRNA^ ®^  and tRNA^ ®^  can 
f m f m 
be resolved into the (A) and (B) forms on BD-cellulose (Hills et al., 1983; 
P. Gollnick, Dept. of Biochemistry, Iowa State University, unpublished 
Val 
experiments), whereas [FUra] tRNA ^  cannot. Upon chromatographing the 
(A) form of tRNA^ ^^  and tRNA^ ®^  on RPC-5, two peaks are obtained. [FUra] 
tRNA^ ^^ , however, yields only two resolvable species, presumably because 
the additional component is removed during Sepharose 4B chromatography. 
The nature of these additional isoacceptors was not further investigated. 
Nucleoside composition 
The nucleoside composition of both forms of [FUra] tRNA^ ^^  were 
3 determined by the H-derivative method (Randerath et al., 1972; 1974). 
The results in Table 1 show that the substituted tRNA have the expected 
composition with 95% of the uridine and uridine-derived minor nucleosides 
replaced by 5-fluorouridine. Consistently low values for guanosine and 
slightly high values for cytidine, compared to the expected number of 
residues, were observed. All minor nucleosides except aco ^ Urd are re­
placed to the extent of >90%; 84-89% of the latter nucleoside is replaced. 
60 
Table 1. Nucleoside composition analysis of 5-fluorouracil-substituted 
Expected # 
Nucleoside of residues (A) Form (B) Form Unresolved 
Guo 23 20.4+0.2 19.7+0.2 21.810.6 
Cyd 23 24.7+0.4 25.2±0.7 24.111.2 
Ado 14 14.7±0.1 14.1±0.3 13.810.1 
FUrd 13 Cl4)^  13.4+0 13.8±0.7 13.511.0 
Urd 0 0.6610.0 0.62±0.02 0.7110.01 
m^ Ado 1 0.71±0 0.71+0.01 0.9110.02 
7 c 
m Guo 1 0.63+0.01 0.6310.02 0.7010.02 
FCyd 0 0.58+0.01 0.8210.01 0.6710.01 
ijjrd 0 0.09±0.01 0.1110.04 0.0510.01 
hUrd 0 0.03±0 0.0310 0.0810.01 
rThd 0 0 0.0110.01 0.0210.01 
aco^ TJrd 0 0.13±0.06 0.1110.04 0.1610.01 
S^tandard deviation in duplicate analyses. 
1^4 residues (B) form, 13 residues (A) form (see text). 
''Corrected for 64% recovery. 
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The expected 13-14 FUrd residues per tRNA were found (Table 1). The 
derivative method cannot be used to determine 4-thiouridine since it is 
converted to uridine in the course of the procedure. Because about one-
third of the m^ Guo is degraded during the course of the analysis and a 
large correction factor must be applied to the data, the low level of this 
nucleoside is probably not significant. The nonuridine-derived modified 
nucleoside, m^ Ado, is present to the extent of 71 to 91% of normal, in 
agreement with recent NMR spectral studies of the methyl protons of 
Val [FUra] tRNA  ^ (P. Gollnick, Dept. of Biochemistry, Iowa State University, 
Ames, Iowa, private communication). 
Val 
The cloverleaf secondary structure of [FUra] tRNA ^  (B) is shown in 
Figure 5; the 14 5-fluorouridine residues in the molecule are denoted by F. 
Residues in boxes occur at positions which are invariant in all coli 
tRNAs. 
Hills et al. (1983) showed that residue 20 in [FUra] tRNA^ ^^  form 
(A) is converted to 5-fluoro-5,6-dihydrouridine and subsequently degraded 
to l-fluoro-2-ureido[N-ribofuranosyl]propionate. Form B of this tRNA 
contains one more FUrd residue than form A. The results in Table 1 indi­
cate a similar situation may exist with [FUra] tRNA^ ^^ , although the dif­
ferences in FUrd content of the two forms is small 
^^ F NMR spectroscopy of [FUra] tRNA^ ^^  forms (A) and (B) 
— 
High resolution 282 MHz F NMR spectra of purified FUra-substituted 
Val 
E. coli tRNA ^  forms (A) and (B) recorded at 20°-23°C and pH 6.0 in 
2+ 
15 mM Mg and 100 mM NaCl are shown in Figure 6. There are 13 resolved 
peaks for the 14 incorporated 5-fluorouracils in the fluorinated tRNA. 
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Figure 5. Cloverleaf structure of coli tRNA  ^, form (B). Ail 
uracil and uracil-derived minor bases are indicated by F. 
The bases substituted by FUra which are invarient in all 
tRNAs are enclosed in boxes. Those bases involved in 
tertiary hydrogen bonds with other bases, based on the 
PI3.6 
crystallographic structure of yeast tRNA , are con­
nected by the solid lines 
NMR spectra of 5-fluorouracil-substituted tRNA^ ^^ . (A) (FUra) tRNA^ ^^  form A; 
Val (B) (FUra) tRNA  ^ form B. The spectra were recorded at 282 MHz in the Fourier trans­
form mode at 23° as described under Methods. Samples were prepared in 50 mM sodium 
cacodylate, pH 6.0, containing 100 mM NaCl, 15 mM MgClg, 1 mM EDTA and 10% as an 
internal lock. Chemical shifts are given in ppm from 5-fluorouracil. Areas under 
each peak were obtained by integration on the spectrometer, and are normalized relative 
to the area of peak B 
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2+ 
The peak labeled K in Fig. 6 is more clearly resolved at low Mg (Fig. 
13). The areas of the peaks in the [FUra] tRNA^ ^^  spectrum, normalized 
19 to the area of an isolated F resonance (peak B), are also shown in Fig­
ure 6. The total area corresponds closely to the expected number of FUra 
residues (14). 
A striking feature of the spectra is the large range of chemical 
shifts observed, from 2 to 8 ppm downfield of the standard, free FUra 
19 (= 0 ppm). This is in contrast to the F NMR spectrum of poly(FU) which 
19 
shows a single F resonance at 4.5 ppm (Figure 7). Under these experi­
mental conditions poly(FU) exists as a random coil in solution (Szer and 
Shugar, 1963; Massoulie et al., 1966). Several of the peaks in the tRNA 
19 
spectra are near the chemical shift position of the F signal given by 
the unstructured polynucleotide, poly(FU), while others are shifted both 
upfield and downfield from this position. 
19 
F NMR spectra have also been obtained for two forms each of puri­
fied FUra-substituted tRNA^ ®^  (Hills et al., 1983) and tRNA^ ®^  (Gollnick 
19 
et al., 1984). Comparison of the F NMR spectra of the three tRNAs 
shows that they differ from each other and are characteristic of the 
individual tRNA. There are, however, a number of similar spectral 
features. Thus, in the central region of the spectrum, between 4 and 
5 ppm, each has a major cluster of peaks. Three or four well-resolved 
signals are observed downfield of the central cluster (5.5-8 ppm), and a 
variable number of resonances are found upfield (0.5-4 ppm). 
spectra of fluorinated initiator methionine tRNA and tRNA show 10 
m 
19 
and 14 F resonances, respectively (Hills et al., 1983; Gollnick et al., 
1984), derived from the 12 and 18 FUras present in these tRNAs. These 
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Figure 7. ^^ F MR spectrum of poly(FU). 
described in Figure 6 
Conditions were those 
67 
19 
results show that it is possible to resolve F resonances from almost all 
incorporated FUra residues, indicating that each is in a different chemi­
cal environment in the folded native structure of the tRNA. 
19 
The two forms of each purified tSNA give F NMR spectra that differ 
only in the shift of one resonance from 4.5-4.8 ppm (isoacceptor B) to 
ca. -15 ppm (isoacceptor A). Recent evidence permits assignment of the 
peak at -15 ppm to a ring-opened fluorodihydrouridine substituent, derived 
from a 5-fluoro-5,6-dihydrourindine residue, under the alkaline conditions 
(pH 8.9) used in the first step of tRNA purification (Horowitz et al., 
1983). In the A-form of fluorinated tRNA^ ^^ , this modified fluorouracil 
has been located at position 20 in the D-loop (Hills et al., 1983), which 
is normally occupied by the single 5,6-dihydrouridine in tRNA^ ^^  (Dube 
and Marcker, 1969); isoacceptor B has FTJra at this position. Based on 
these studies, the ^ F^ resonance at 4.8 ppm in isoacceptor B of tRNA^ ^^  
was assigned to F20. While sequence analyses of the two forms of FUra-
Val 
substituted tRNA  ^ have not yet been completed, it is likely that a 
19 
similar assignment can be made for this tRNA, and that the F resonance 
at 4.5 ppm (peak E) in the spectrum of isoacceptor B can be assigned to 
Val F17, the position of the only dihydrouridine in normal tRNA  ^ (Yaniv and 
Barren, 1969). 
19 pH effects on the F NMR spectrum of FUra-substituted tRNA 
19 
F NMR spectra were recorded at pH 6 in order to minimize effects 
due to the dissociation of the N(3)-H of incorporated fluorouracil. 5-
Fluorouridine has a pK^  of 7-57 (Wempen et al., 1961), while the pK^  of 
FTJra in poly (FU) is 8.1-8.3 (Szer and Shugar, 1963; Massoulie et al.. 
68 
1966). Major changes in chemical shifts occur at pHs near the pK^ . 
19 
The F resonance of 5-fluororidine shifts 1.6 ppm downfield as a result 
of complete dissociation of the proton; an increase in pH from 6 to 7 
produces a 0.3 ppm downfield shift (Figure 8). Smaller changes in chemi-
19 
cal shift are noted with FUra, ionization of the free base of the F 
resonance (Figure 7). Ionization of FUra residues incorporated into 
poly(FU) results in a 2.7 ppm downfield shift of the ^ F^ signal (Alderfer 
et al., 1982). 
Changes in pH produce differential effects on the chemical shifts of 
^^ F resonances in the spectrum of tRNA^ ^^  (Table 2). The farthest down-
19 field F signal (peak A), which is most sensitive to changes in the ionic 
environment of the tRNA (shown later), is shifted upfield as pH is in-
19 
creased. F resonances in the central region of the spectrum, peaks 
C-H, shift downfield 0.1-0.25 ppm, while the other peaks remain unper­
turbed with rising pH. 
Solvent accessibility of 5-fluorouracil in tRNA 
Interaction of exposed fluorines with solvent contribute to their 
19 
chemical shifts. As a result, the F resonances from FUra residues 
accessible to solvent will be shifted to lower field when the solvent is 
2 
changed from H^ O to due to a H-D isotope effect (Sykes and Weiner, 
1980). The difference, termed the solvent isotope shift (SIS), provides 
a quantitative estimate of the degree of solvent accessibility of indi­
vidual FUra residues in the tRNA. Table 3 summarizes the chemical shift 
measurements of fluorinated tRNA^ ^^  in H^ O and buffers at 15 mM Mg^ .^ 
19 The F resonances can be grouped according to solvent accessibility as 
10 
Figure 8. Effect of pH on. the F NMR chemical shifts of 
5-fluorouracil (FUra) and 5-fluorouridine (FUrd). Four 
buffer systems were used: 10 mM sodium acetate, pH 4.5-
5.5; 10 mM sodium cacodylate, pH 5.5-7; 10 mM potassium 
phosphate, pH 6.5-7.5; 10 mM Tris-HCl, pH 7.5-9. FUrd 
and FUra were present at a concentration of 10 mM. 
Chemical shifts are reported relative to an external 
standard capillary of ~ 70 mM trifluoroacetate acid 
(TFA), pH 6.4. Delrin capillary inserts were used 
since this material lacks fluorine 
f » ppm (fromTFA); FUrd (a—a) 
to 
8 in 
- e , ppm (from TFA); FUra (c^ —o) 
71 
10 
Table 2. Effect of pH on the chemical shift of F resonances in the NMR 
Val 
spectrum of 5-fluorouracil-substituted tRNA  ^
19, a F resonance Ô (pH 7)^  Ô (pH 6)b a (A)= 
A 7.45 7.63 -0.16 
B 6.71 6.69 0.02 
C 5.69 5.53 0.16 
D 5.00 4.77 0.21 
E 4.68 4.43 0.25 
F 4.46 4.31 0.15 
G 4.03 3.95 0.08 
H 4.03 3.84 0.18 
I 3.28 3.30 -0.02 
J 3.07 3.06 0.01 
K — — — — — 
L 2.47 2.47 0 
M 1.95 1.97 -0.02 
N 1.82 1.78 0.04 
al9 F resonances are labeled as shown in Figure 6. 
C^hemical shift (ppm) from free FUra, in spectra recorded at pH 7 or 
pH 6. 
C^hemical shift difference (Ô (pH 7) - ô (pH 6)). 
Table 3. Solvent Isotope Shift (SIS) for resonances 
10 mM NaCl 
resonance^  ô (^ HgO) 6 (HgO)^  SIS^  
A 8.0810.04® 8.3410.03 0.26 
B 6.5310.01 6.6010.11 0.06 
C 5.5410.04 5.5710.06 0.03 
D 4.6010.09 4.6610.01 0.06 
E 4.2810.01 4.4810.01 0.20 
F 4.0910.01 4.3510.01 0.26 
G 4.0010.01 3.9810.02 -0.02 
H 3.6510 3.8910.03 0.24 
I 3.2210 3.3710 0.15 
J 2.8910.04 3.1010.03 0.21 
K ND^  ND ND 
L 2.1410.01 2.5410.01 0.13 
in NMR spectra of 5-fluorouracil-substituted 
100 mM NaCl 
ô (^ HgO) Ô (HgO)^  SIS^  
7.2410.17 7. ,6210.14 0.38 
6.5410.02 6. ,6510.06 0.11 
5.5710.06 5, .5710.03 0 
4.5410.04 4.5310.02 -0.01 
4.2510.02 4, 4610.05 0.21 
4.0710.03 4, ,3210.02 0.25 
3.9810.03 3, 9410.03 -0.04 
3.6610.04 3 .8610.05 0.20 
3.1910.04 3 ,3210.02 0.13 
2.9110.02 3, 0610.02 0.15 
ND ND ND 
2.3710.03 2. ,4910.02 0.12 
M 1.94±0.01 0.11 1.85+0.03 1.96+0.03 0.11 
1.83±0.03® 
N 1.64+0.06 1.79+0.04 0.15 
S^pectra were recorded in 50 mM sodium cacodylate, pH 6.0, containing 15 mM MgCl^  and 10 or 100 
mM NaCl as indicated. 
bl9 
F Resonances are labeled as shown in Figure 6. 
c 2 
Buffers prepared in H^ O contained 10% H^ O as an internal lock. 
S^IS values are defined as (6 (H^ O) - ô (^ MgO)). 
S^tandard deviation of 2 to 6 determinations. 
N^D, not determined; peak K is not resolved under these conditions. 
®Peaks M and N overlap at 10 mM NaCl. 
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a function of chemical shift. Peaks E, F, and H in the central region of 
the spectrum, 3.6-4.3 ppm have the largest SIS values (0.2-0.3 ppm) and 
represent FUra residues that are exposed to solvent; Peak G in this chemi­
cal shift range is an exception. The upfield peaks I through N (1.8 to 
3-4 ppm) with SIS values between 0.1 and 0.15, are derived from FUra 
residues only partially accessible, while the downfield resonances B-D 
(4.5-6.7 ppm), SIS <0.1 are from fluorines that are essentially buried 
within the tRNA structure. Peak A, which is hypersensitive to changes 
2+ 
in ionic strength and Mg (discussed below) has a large SIS value (0.26-
0.38) and is by this criterion highly exposed. 
Bisulfite modification of FUra-substituted tRNA 
Treatment of coli tRNA with 2M bisulfite at pH 7 produces a 
stable uridine-bisulfite adduct by addition across the 5,6-double bond 
of the pyrimidine (Furuichi et al., 1970; Shapiro et al., 1970); the 
reaction can be reversed at pH 9. Reaction occurs preferentially with 
residues in single-stranded regions of the RNA. Cytidine also reacts, 
but the adduct dissociates on removal of reagent to reform cytidine. An 
analogous reaction occurs with 5-fluorouracil (Sander and Deyrup, 1972) 
19 
and saturation of the 5,6-double bond leads to large upfield F chemical 
shifts. Since this reaction presents the possibility of identifying the 
19 
reactive residues and thus assigning one or more resonances in the F 
spectrum, preliminary studies of the bisulfite reaction with unfraction-
19 
ated tRNA were carried out. The F spectrum of bisulfite modified 
tRNA is presented in Figure 9A. Figure 9B shows the spectrum of the 
tRNA after reversal of the addition reaction at pH 9. Formation of the 
19 
Figure 9. F NMR spectra of bisulfite modified unfractionated FUra-substituted tRNA. Transfer 
RNA was reacted with 2M sodium bisulfite at pH 7 and 22°C for 6 h. The modified tRNA 
was recovered as described in Methods and dissolved in 50 mM sodium cacodylate buffer, 
pH 6.0, containing 100 mM NaCl, 15 mM MgCl„, 1 mM EDTA and 10% SlO. Spectra were 
10 
obtained under the conditions detailed in Figure 6. (A) F NMR spectrum of tRNA after 
reaction with bisulfite; (B) spectrum of sample after reversal of the bisulfite 
addition reaction by incubation for 8 h at pH 9 and 37°C (see Methods) 
76 
77 
bisulfite adduct results in the appearance of two broad peaks upfield at 
-36 to -37 ppm (Figure 9A), at the chemical shift position expected for a 
bisulfite adduct of FUra (Sander and Deyrup, 1972). These are produced 
19 
at the expense of F resonances in the central region of the spectrum, 
near 4.5 ppm, the intensity of the latter peaks decreases dramatically 
19 following the reaction. Reversal of the reaction restores the F spec­
trum to that of unreacted tRNA (compare Figure 9B and Figure 3, Horowitz 
et al., 1977). 
Val 
Bisulfite treatment of [FUra] tRNA ^  results in the upfield shift 
19 
of 3-4 peaks in the central region of the F NMR spectrum (Figure lOB). 
Residues corresponding to peaks E-G and possibly D and H are modified, 
indicating that the 5,6 n bonds of these residues are susceptible to 
nucleophilic addition by the reagent. Thus, by this criterion these 
residues are solvent-exposed. For peaks E and F, these data are in 
agreement with the results of SIS measurements (Table 3) and those of the 
19 pH-dependence of F chemical shifts (Table 2). Interestingly, peak A, 
which showed a large solvent isotope shift (solvent exposed), was not mod­
ified by bisulfite, indicating a buried environment. Similar results have 
Met been obtained with fluorinated tRNA ^  (unpublished experiments). 
19 Mono- and divalent- cation dependence of F spectra of fluorinated tRNAs 
The functional native conformation of tRNA is known to be stabilized 
2+ 
by Mg . In the absence of divalent cations, relatively high salt con­
centrations are required for tRNA to retain a form approximating its 
+ 2+ 
native state (Crothers and Cole, 1978). Both the Na and Mg dependence 
of the ^^ F spectra of fluorinated tRNA^ ^^  has been examined. As the 
Figure 10. ^^ F NMR spectrum of bisulfite modified FUra-substituted tRNA^ j^ . Transfer RNA was 
reacted with 2 M sodium bisulfite at pH 7 at 22°C for 6 h. The modified tRNA was 
recovered as described in Methods. Spectra were obtained under the conditions detailed 
in Figure 6. (A) ^ F^ NMR spectrum of FUra-substituted tRNA^ j^  prior to reaction with 
bisulfite; (B) spectrum of bisulfite modified FUra-substituted tRNA^ ^^  
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2+ ionic strength is increased at 15 mM Mg , a number of changes occur in 
19 
the F NMR spectrum (Figures 11 and 12). The most pronounced is an 
19 
unusually large, 2 ppm or more, upfield shift of the lowest field F 
resonance (peak A). Similar results are noted with fluorinated tRNA^ ^^  
and tRNA ^  (results not shown). This is an indication that the lowest 
19 field F signal corresponds to a conserved structural feature of the 
tRNA molecule (see later discussion). In contrast to the large changes 
in chemical shift observed in peak A, peak B remains remarkably unshifted 
with increasing salt concentration (Figure 12). Again similar results 
were obtained with the other two purified tRNAs. Other notable effects of 
Val [NaCl] on the spectrum of tRNA  ^ include a small (0.3 ppm) upfield shift 
19 
of peak M that resolves the two highest field F resonances, and smaller 
19 
upfield shifts in the central region of the spectrum, with several F 
resonances seemingly split at higher salt concentrations. 
2+ 19 
Removal of Mg results in major changes in the F NMR spectrum of 
Val 
fluorinated tRNAs. This is shown for tRNA ^  in Figures 13 and 14. By 
2+ following the changes in peak positions as Mg is added to the tRNA, it 
19 2+ is possible to identify which F resonances in the absence of Mg corre-
2+ 
spond to the peaks in the presence of Mg ; the corresponding peaks are 
labeled in Figure 14 (compare to Fig. 5). The largest chemical shift 
2+ 
change occurring as the ratio of Mg to tRNA is decreased, is the 2-3 
19 ppm upfield shift of the lowest field F resonance, peak A. This is the 
same peak that shifts upfield with increasing Na^  concentration (compare 
2+ 
Figs. 12 and 14). Peak B again remains unshifted by changes in Mg con-
2+ 
centration, down to levels of 1-2 Mg per tRNA (Figure 14). Similar 
19 
Figure 11. NaCl dependence of the F chemical shifts of FUra-
substituted tRNA^ ^^ . Conditions are those described in 
Figure 6 except for the NaCl concentration which was 
varied as shown in the figure 
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Figure 12. Plot of the chemical shift of F resonances in the NMR 
spectrum of FUra-substituted tRNA^ ^^  versus NaCl concen­
tration. Conditions are those described in Figure 11. 
Ill-resolved or uncertain resonances are indicated by 
dashed lines 
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19 Figure 13. Magnesium ion dependence of the F chemical shifts of 
Val 
FUra-substituted tRNA  ^. The tBNA sample was dialyzed 
against buffer containing 50 mM sodium cacodylate, pH 6.0, 
100 mM NaCl and 10 mM EDTA. MgCl. was then added to give 
2+ 
the molar ratio of Mg to tRNA indicated in the figure 
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Figure 14. Plot of the chemical shift of F resonances in the NMR 
Val 
spectrum of FUra-substituted tRNA . versus the molar 
2+ 
ratio of Mg to tRNA. Conditions are those described 
in Figure 13. Ill-resolved or uncertain resonances are 
indicated by dashed lines 
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observations have been made with FUra-substituted tRNA ^  (results not 
shown). 
2+ 
As the Mg /tRNA ratio drops below 50, peaks J and K in the spec­
trum of tRNA^ ^^ , shift upfield. At low concentrations peak K, which 
2+ 
overlaps peaks J and L at 15 mM Mg (Figure 6), is the farthest upfield 
peak, and 5 well resolved resonances are visible in the high field region 
of the spectrum. Smaller shifts occur in the central region of the spec-
2+ 
trum, where for example peak E shifts upfield as Mg is removed. These 
shifts, however, are difficult to follow because of the clustering of 
19 2+ 
F resonances. The effects of Mg depletion are reversible; addition 
19 
of divalent cations restores the F NMR spectrum to that originally 
2+ 
observed at high (15 mM) Mg concentrations. 
Thermal denaturation studies 
19 The temperature dependence of the F NMR spectrum of FUra-substituted 
Val 
tRNA ^  is shown in Figures 15 and 16. These experiments were carried out 
2+ 
at 100 mM NaCl in the absence of added Mg . The spectra have been norm­
alized to keep the area under the major peak at 4.5-4.8 ppm constant. Ex­
amination of the results shows that as the temperature rises the intensity 
of the peaks in the central region of the spectrum, at 4-5 ppm, increases. 
19 By 80°, as the tRNA melts to a random coil conformation, the F signals 
have merged into a single broad peak at 4.7 ppm. These spectral changes 
are largely reversible on cooling (Figure 15), indicating a lack of major 
hysteretic renaturation effects. The melting of the tRNA secondary and 
2+ 
tertiary structure between 30° and 80°, in the absence of Mg , is con-
Val firmed by the temperature-absorbance profile of tRNA ^  shown in Figure 17. 
Figure 15. Thermal denaturation of FUra-substituted tRNA ^  . Spectra 
were recorded as described in Figure 6 on a sample dis­
solved in 50 mM sodium cacodylate buffer, pH 6, 100 mM 
NaCl and 10 mM EDTA. Temperatures are indicated in the 
figure 
20" 
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Figure 16. Plot of the chemical shift of F resonances in the NMR 
Val 
spectrum of FUra-substituted tRNA ^  versus temperature. 
Conditions are those described in Figure 15. Ill-resolved 
or uncertain resonances are indicated by dashed lines 
! 
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Figure 17. Temperature absorbaace profile of FUra-substituted 
tRNA^ ^^ . Measurements were made as described under 
Methods on samples of tRNA dissolved in buffer containing 
2+ 
either no added Mg ( ) or 15 mM MgCl^  ( ) 
% hyperchromicîty 
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Several interesting temperature-dependent NMR spectral changes were 
19 
noted. The F resonances initially downfield (5.5-7 ppm) from the 
19 
central cluster of peaks, disappear first with rising temperature. F 
peaks upfield persist longer but also broaden and disappear at tempera­
tures above 70° (Figure 15). As the temperature increases above 30°, 
peak B splits and an increasing fraction of the peak intensity shifts 
from 6.6 ppm to 6.4 ppm, until at 50® more than 90% of the intensity is 
found at 6.4 ppm (Figure 15). Above 45-50°, peak intensity at this chemi­
cal shift is lost as the corresponding portion of the tRNA structure de­
natures. No splitting of the corresponding peak was observed when de-
2+ 
naturation studies were carried out in 10 mM Mg (unpublished experi-
2+ 
ments). It is noteworthy that in the absence of Mg , the temperature-
Val 
absorbance curve for tRNA . shows a transition with a T of 36° that 1 m 
coincides with the temperature at which the transfer of peak B intensity 
between 6.6 and 6.4 ppm is half complete (conçare Figures 15 or 16 and 
2+ 
17); the UV melting curve obtained at 15 mM Mg does not show this low 
temperature hyperchromicity. 
Other spectral changes observed with increasing temperature include 
downfield shifts of peaks E and H, between 20° and 40° (Figure 16). Two 
19 
of the 5 upfield F resonances are more temperature dependent than the 
others. Between 25° and 30° peak J (1.95 ppm at 20°) begins to shift 
downfield, and then broadens and disappears by 40°. Above 40° peak L 
(2.05 ppm at 20°) shifts downfield, splits and then disappears by 60° 
(Figure 16). 
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19 
F homonuclear Overhauser effect studies 
{^ F^} nuclear Overhauser effects obtained upon irradiation of 
Val peaks A-C in the NMR spectrum of [6-deutero-FUra] tRNA ^  are shown in 
Figure 18- NOE data have been used extensively in the assignment of 
proton NMR peaks in the spectra of tRNA (Reid, 1981; Roy and Redfield, 
1Q 
1983; Hilbers et al., 1983; see Introduction). Thus, analogous F 
studies were carried out in order to assign resonances for proximal 
Val 
residues in fluorinated tRNA  ^. Distance determinations carried out 
using the computer program DISPLA (written by P. Briley, Dept. of Bio­
chemistry, Univ. of Iowa, Iowa City, lA, and run on the Iowa State Univer­
sity VAX 11/780 computer) showed that, assuming the coordinates for the 
Pll6 yeast tRNA crystal structure (from the Brookhaven Protein Structure 
Vâl data bank), the only fluorine atoms in [FUra] tRNA ^  that are within the 
O 
requisite 4-5 A occur in FUra residues 54 and 55. 
In order to minimize spin-diffusion effects (Kalk and Berendsen, 
1976; Hull and Sykes, 1975b) these studies were carried out with [FUra] 
Val 
tRNA J in which the 6-H atoms of all FUra residues were replaced by 
deuterium (see Methods). Based on the preliminary assignment of peaks A 
and B to F55 and F54 respectively (see Discussion), the NOEs obtained upon 
irradiation of these peaks were of particular interest. The NOE differ­
ence spectra are shown in Figure 18B and 18C. These results demonstrate 
a reciprocal NOE between peaks A and B, lending substantial support to 
19 the assignments of these F signals to F55 and F54 respectively. For 
comparison. Figure 18D shows the lack of Overhauser effects obtained upon 
irradiation of peak C. 
19 
Figure 18. F homonuclear Overhauser effects in the NMR spectrum of 
Val 6-deutero-FUra-substituted tRNA  ^. Spectra were obtained 
in 50 mM sodium cacodylate, pH 6.0, 100 mM NaCl, 15 mM 
MgClg; 1 mM EDTA, and 100% ^ H^ O. (A) Off-resonance con­
trol spectrum obtain by irradiation 4 ppm upfield of the 
FUra external standard (0 ppm) as described in Methods. 
(B) NOE difference spectrum obtained after irradiation of 
peak A as described in Methods. (C) NOE difference spec­
trum obtained upon irradiation of peak B. (D) NOE differ­
ence spectrum obtained upon irradiation of peak C. Peaks 
are defined as in Figure 6 
Wdc] 
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NMR Relaxation Measurements for [FUra] tRNA^ ^^  
19 
F NMR relaxation measurements were made in 50 mM sodium cacodylate, 
pH 6.0, 100 mM NaCl, 15 mM MgCl^ , 1 mM EDTA and 100% ^ 0^ in order to 
minimize dipolar contributions to the relaxation parameters by solvent. 
The samples were not degassed since dissolved 0^  is not expected to affect 
relaxation rates for T^  < 1 s (Shaw, 1976). This assumption may not be 
completely valid, especially for the solvent exposed residues correspond­
ing to peaks D, E and F. 
19 
F spin-lattice relaxation time measurements Spin-lattice relax­
ation times (Tj) were determined at 282 MHz by the inversion-recovery 
method using spectra such as those presented in Figure 19A. The delay-
time (T) versus intensity data were fitted to an exponential decay curve, 
as shown for resonance M in Figure 19B, from which the decay constants 
VAL (Tj) for each FUrd residue in [FUra] tRNA  ^ were obtained. These results 
are compiled in Table 4. Standard deviation in these measurements ranged 
from 2-9% (four determinations), with the exception of peak L for which it 
was 13%. This probably results from a nonexponential decay due to the 
buried peak K, whose T^  could not be measured. 
nuclear Overhauser effect measurements Low power broad­
band decoupling of resonances results in a transfer of spin energy to 
19 proximal F nuclei, producing a partial relaxation, or nuclear Overhauser 
effect (NOE). Because the NOE is dependent on the mobility of the ob­
served nucleus, NOE measurements can serve as sensitive indicators of the 
internal motions of FUrd residues in [FUra] tRNA^ ^^ . The effect of H^-
decoupling on the ^^ F NMR spectrum of [FUra] tRNA^ ^^  at 282 MHz is shown 
Figure 19. Spin-lattice relaxation time (Tj) measurement of resonances in the NMR spectrum of 
FUra-substituted tRNA^ ?^ . The spectra were recorded at 20°C in 100% at 282 MHz. 
Val 
The sample was ca. 0.75 mM in tRNA j in 50 mM sodium cacodylate, pH 6.0, 15 mM MgCl^ , 
100 mM NaCl, and 1 mM EDTA (FUra = 0 ppm). All relaxation studies were carried out 
under these conditions. (A) 180®—90° inversion-recovery sequence spectra as a function 
of the delay time T (sec) at 282 MHz. (B) Typical three-parameter fit of the exponen­
tial recovery data used to obtain T^  values. Results shown are those for resonance M 
of Figure 6 
T'.sec 
B 
8 
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19 Table 4. Dipolar relaxation,parameters for F resonances in the spectrum of 5-fluorouracil-
substituted tRNA ^  
Peak» TjjCsec) (T^jCmsec)) logffj/nTp NOE «Jump'"'" «cone'"*" 
A 1.01±0.05 13.74 1.37 -0.88±0.01 28.5 19.0 
B 1.20+0.06 18.25 1.32 -0.85±0.05 31.0 22.5 
C 0.97±0.09 26.86 1.06 -0.7410.01 37.5 33.0 
D 1.03±0.09 12.78 1.41 -0.6010.04 43.5 47.0 
E 0.9110.02 63.53 0.66 -0.6310.01 41.0 41.0 
F 1.03±0.04 78.60 0.62 -0.7010.01 39.5 37.0 
G ND® 59.38 -0.7710.01 36.0 30.5 
H 1.19±0.08 35.17 1.03 -0.7110. 39.0 36.0 
I 0.90±0.07 14.04 1.31 -0.8110.05 33.5 26.5 
J 0.85±0.09 22.79 1.07 -0.8610.01 30.0 21.0 
K ND ND ND 
L 1.13±0.15 19.50 1.27 -0.8610.01 30.0 21.0 
M 1.10+0.05 29.22 1.04 -0.8710.01 29.0 20.0 
N 0.99±0.03 34.49 0.96 -0.8310.04 38.0 34.0 
al9 F peaks are labeled as in Figure 6. 
8^ Predicted from NOE; was constrained to 30 nsec,  ^to 1,6 nsec. 
'^ Standard deviation of four determinations. 
S^tandard deviation of two determinations. 
N^D, not determined. 
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in. Figure 20A. It is clear that proton decoupling produces a differential 
19 decrease in the F resonance intensities (compare Fig. 20A(i) and 
Fig. 20A(ii)). The NOE values calculated for each FUrd resonance in the 
spectrum of [FUra] tRNA^ ^^  are listed in Table 4. Experimental standard 
deviations were all <6% (two measurements). The aromatic region of the 
NMR spectrum of [FUra] tRNA^ ^^  is shown in Figure 20B before (i) and 
after (ii) broadband decoupling of proton resonances. These data illus­
trate that the H6 proton peaks of FUrd, which resonate in this region, 
are completely decoupled. (The signals seen in Figure 20B(ii) are due to 
decoupling irradiation effects on the receiver coil.) 
19 
F Dipolar and chemical shift anisotropy spin-spin relaxation time 
determinations Spin-spin relaxation times (T^ ) were obtained from 
linewidth measurements (Av(u))), corrected for contributions from 
scalar coupling constants and the exponential weighting function. Values 
of Av(u)) for each ^ F^ resonance in the spectra of [FUra] tRNA^ ^^  at 84 MHz 
and 282 MHz are compiled in Table 5. Errors in linewidth measurements on 
overlapping ^ F^ peaks in the [FUra] tRNA^ j^  spectra are rather large. At 
282 MHz, the standard deviation for most measurements was < 30% (five 
determinations), a notable exception being that for peak L; this peak is 
overlapped by the buried peak K. Errors were in the same range at 84 MHz, 
except for peak C, which appears to become partially resolved into 2-3 
separate peaks. This behavior may reflect several slowly-exchanging 
magnetically distinct conformations open to this residue, which become 
resolved at the lower field where chemical shift anisotropy (csa) con­
tributions to the linewidths are reduced. 
Figure 20. Effects of broadband H^-decoupling on the ^ F^ NMR spectra of FUra-substituted tRNA^ j^ . 
(A) ^ F^{^ H} nuclear Overhauser effects. The ^ F^ NMR spectra are shown in the absence 
(i) and in the presence (ii) of continuous H^-broadband decoupling. (B) The aromatic 
region of the NMR spectrum of [FUra] tRNA^ ,^  without (i) and with (ii) ^ H-broadband 
decoupling under the same conditions as in (A) 
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Table 5. Analysis of linewidths of 5-fluorouracil-substituted tRNA^ ^^  at 84 and 282 MHz 
Peak Av(84.25MHz), Av(282.407MHz), Av^ (Hz) A(xl0^ )^, AVcsa(84MHz), Av^ j^282MHz) 
(Hz) (Hz) (rad/sec^ ) (Hz) (Hz) 
A^  28.8+ 0.6^  86.5±26^  23.6 2.01 5.2 62.9 
B 21.8± 3.0 66.4± 9 17.4 1.56 4.4 49.0 
C 25.6118.0 166.3± 6 11.9 4.91 13.7 154.4 
D 36.5± 9.6 155.2±27 24.9 4.14 11.6 130.3 
E 7 .2+  1.0 29.6± 7 5.0 0.78 2.2 24.6 
F 7.0± 0.6 37.2+12 4.1 1.05 2.9 33.1 
G 9.7+ 3.3 54.1±15 5.4 1.55 4.3 48.7 
H 14.2± 0.9 66.9+28 9.1 1.84 5.1 57.8 
I 27.3+ 6.6 74.8± 8 22.6 1.66 4.7 52.2 
J 18.9± 2.1 69.4±18 14.0 1.76 4.9 55.0 
K ND ND 
L 17.3± 1.6 27.3±17 16.3 0.35 1.0 11.0 
M 14.8+ 5.2 54.8+10 10.9 1.40 3.9 43.9 
N 13.1+ 5.3 52.7+10 9.2 1.38 3.9 43.5 
al9 F peaks are labeled as in Figure 6. 
S^tandard deviation of five determinations. 
S^tandard deviation of two determinations. 
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Values of Av^ , the field-independent linewidth, were determined from 
linewidth measurements at 84 MHz and 282 MHz, are given in Table 5. These 
data were used to calculate the field-independent (dipolar) contribution 
to T2 (Eq. 2 in the Theory section of the Introduction), which is listed 
in Table 4 for each FUrd residue in [FUra] tRNA^ ^^ . 
The residual linewidths (Av(u)) - Av^ ) for each FUrd residue are 
listed in Table 5 as This is based on the assumption that csa is 
the predominant field-dependent relaxation mechanism. The slopes, A, of 
2 the Av(u)) versus u) plots are also listed in Table 5. Calculated A-
factors for tRNA^ ^^  ^ F^ resonances fall in the range 1 x 10 to 2.5 x 
-17 2 10 s/rad , Peaks D and C show anomalously high experimental values for 
A: 4.1 and 4.9 x 10 s/rad^ , respectively. On the other hand, the A-
factors for peak E and L are anomalously low: 0.8 and 0.35 x 10 s/rad , 
respectively. Since paramagnetic relaxation due to molecular oxygen may 
become operative in the course of our measurements (i.e., ~1 s, SIS 
è 0.2 ppm) (Shaw, 1976), the NOE, T^  and T^  values obtained should only 
be considered a lower bound. 
Dipolar and CSA relaxation analyses In this section, the experi­
mentally derived dipolar and csa relaxation data will be interpreted using 
theoretical models for internal motion (discussed in the Theory section of 
the Introduction) which describe the diffusional rates and amplitudes of 
Val individual FUrd residues in [FUra] tRNA ^  . Analyses will be made sepa­
rately for the dipolar and csa relaxation mechanisms since these data 
describe separate aspects of the nucleoside librational motion, pseudo-
rotation and glycosidic torsional motion, respectively. Dipolar relaxa­
tion results will be considered first. 
109 
As described in the Introduction, taking the ratio of and Tgg 
cancels the vector product terms Z r.. ^  (see Eg. 3 in the Theory section 
j 
of the Introduction) and yields a function which can be related directly 
to internal motion. These data have been compiled, as log (T^ n/Tg), in 
Table 4 and will be used, together with NOE data, to derive inter­
val 
nal motional characteristics of the FUrd residues in [FUra] tRNA ^  . For 
these calculations, the correlation time for overall macromolecular 
reorientation (tg) was fixed at 30 ns, in agreement with values obtained 
from NMR (Schmidt et al., 1983; Hamill, Jr. et al., 1980) and inten­
sity fluctuation spectroscopy (Patowski and Chu, 1979) studies. Hydro-
dynamic studies have demonstrated that the tRNA molecule has an axial 
ratio of approximately 0.4 for the eguivalent ellipse of revolution 
(Patowski and Chu, 1979), however, for these calculations, the overall 
Val diffusion of [FUra] tRNA ^  was treated as isotropic. The amplitudes of 
internal motion obtained were only slightly altered (<4%) by including 
the anisotropy of overall motion, or by varying by up to 5 nsec. 
Interpretation of the experimentally measured relaxation parameters 
in specific motional terms requires the application of a physically 
reasonable model. Since the nucleosides in tRNA are known to experience 
substantial motion on the nanosecond timescale, the isotropic model, in 
which the FUrd residue is rigidly tied to overall reorientation of the 
tRNA molecule is unlikely to fit the data (Schmidt et al., 1983). For 
tRNA^ ^^ , such an isotropic model yields an NOE of -0.98 and a log (T /^tiT )^ 
of 0.89. Since these values do not fit the experimental data, this model 
Val 
can be discarded as inappropriate for the FUrd residues in tRNA  ^. The 
free internal diffusion model can also be rejected as physically inappro­
110 
priate, since free diffusion of FUra about an axis located 109.5° from 
the glycosidic bond would require severing a covalent bond in the ribose 
moiety of the nucleoside. 
Theoretical plots of log T. ^  (defined in the Theory section of the 
Introduction) versus the relaxation parameters T^  ^(i), log (T^ /Tg) (ii), 
and NOE (iii) are given in Figure 21 for the (A) 2-state jump and (B) dif­
fusion in a cone models. The calculations were made assuming a correla­
tion time for overall macromolecular reorientation (1^ ) of 30 ns. These 
plots were made assuming several defined amplitudes (0) for the motions 
described by each model (see Theory section of the Introduction) that span 
the range in which these motions are known to occur (Holbrook and Kim, 
1984). A comparison of the theoretically-derived parameters (Figure 21) 
with experimental values listed in Table 4 for [FUra] tRNA^ ^^  ^ F^ reso­
nances shows that none of the log (T^ /TtT^ ) values fit (with the exception 
of peaks E and F). The experimentally-derived T^ g data fall in the range 
-1 0.9 - 1.2 sec , corresponding to a theoretical value of 6. = 60-70° jump 
(Figure 21A (i)). However, the log (T /^tiT )^ data are all larger than the 
theoretically-derived values (Figure 21A (ii)). This situation also 
occurs when interpreting the data using the diffusion in a cone model 
(Figure 21B). This will be dealt with in more detail below. 
All NOE values (Table 4), however, fit the theoretical parameters 
(Figure 21). Since the log (T^ /TiT^ ) values do not fit the theoretical 
parameters, one cannot obtain unique values of T. _ and 6 from experi-
mentally-derived NOE data without constraining one of these parameters 
as well. The choice of which parameter to constrain is guided by previous 
studies of the motions and amplitudes of the nucleosides in nucleic acids. 
Figure 21. Dipolar relaxation of F by H at 282 MHz. Theoretical 
calculations were made using the two-state jump (A) and 
diffusion in a cone (B) models. The relaxation parameters 
(i) Tj (ii) log (Tj/n T^ ), and (iii) NOE are 
plotted as a function of the correlation time I. _ for 
19 z 
pseudorotational fluctuations in the ribose ring at several 
half-angles (6). The isotropic tumbling time for tRNA 
(l„) was fixed at |0 nsec; the internuclear vector (r..) 
was fixed at 2.58 A 
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Pseudorotational rates in RNA and DNA have been measured by NMR (Lipari 
and Szabo, 1981; Levy et al., 1983; Schmidt et al., 1983; Assa-Munt et 
al., 1984) and by ESR (Kao et al., 1983). These rates ranged from 0.5 
to 4 ns, with most falling very close to 1.5 ns. Most relevant to these 
13 
studies is the value of 1.6 ns derived from C NMR relaxation data by 
Schmidt et al. (1983) for yeast tRNA nucleosides. In contrast to this 
relative constancy of x. _, x-ray thermal vibrational data, derived from 
x-ray diffraction studies, show that the amplitudes (0) of the nucleosides 
Phc in yeast tRNA vary widely (Holbrook et al., 1978). Therefore, it was 
chosen to constrain x. , to 1.6 ns in these calculations. Although this 1,Z 
choice can have a large effect on the derived values of 0 at large angles 
(^ 40°), variation of x. , from 1 to 2.5 ns (0 = 30°) resulted in only a 
4% deviation from the mean in the predicted value of 0. 
Figure 22 shows theoretical curves for (A) NOE versus 9 and (B) log 
(T^ /TlT^ ) versus 0 are shown in Figure 22 using the two-state jump (A) and 
diffusion in a cone (0) models. Assuming a X .  _ of 1.6 ns, amplitudes (0) 
Val for each FUrd residue in [FUra] tRNA ^  were derived from experimentally 
measured NOEs. These values are indicated in Figure 22 for each motional 
model and are compiled in Table 4. These data indicate that the FUrd 
Val 
residues in [FUra] tRNA  ^ possess different librational potentials and, 
based on assignment data, can be differentiated according to structural 
environment. This will be elaborated upon in the Discussion. 
Although the experimentally-derived log (T^ n/Tg) data do not fit the 
theoretically determined parameters, if x. - is constrained to 1.6 as, 
the experimental log (T^ T^T/T^ ) data may be plotted versus the amplitudes 
(0) derived from the experimental NOE data (Figure 22B). A least-squares 
Figure 22. Motional amplitudes of fluorouridine residues in FUra-
Val 19 
substituted tRNA  ^, predicted from theoretical F dipolar 
relaxation parameters. NOE (A) and log (T^ /n T-) (B) are 
plotted as a function of the predicted two-state jump (A), 
or diffusion in a cone (0), half-angles (6). The isotropic 
tumbling time for tRNA and the internal correlation 
time for pseudorotational motions (t- «) were fixed at 3- Y Z 
30 nsec and 1.6 nsec, respectively; r.. was fixed at 
o 3-J 
2.58 A. (A) Half-angles (6) predicted from experimental 
^^ F{^ H} NOE data. 6 values derived for individual ^ F^ 
resonances in the [FUra] tRNA^ ^^  NMR spectrum are indi­
cated in the figure and are compiled in Table 1. 
(B) Amplitudes (6) derived from experimental NOE data are 
19 plotted for individual F resonances as a function of the 
experimentally-derived values of log (Tj/n T^ ). A least 
squares fit of the experimental log (T\/% T-) versus 
amplitude (0) data is included 
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fit line of the experimental results (Figure 22B) is approximately paral­
lel to the theoretical curves, indicating that a trend analogous to that 
derived from NOE data exists in the log (T^ /TtT^ ) data and that these 
values may (with some margin of error) be offset from the theoretical 
curves by a relatively constant factor. The source of this offsetting 
factor is not understood, however, a possible partial explanation (slow 
exchange linebroadening effects on will be considered in the Discus­
sion. 
Theoretical curves for the csa T^  (A) and linewidth (B) as a function 
of t- ,, the glycosidic torsional diffusion rate, are shown in Figure 23. 
A comparison of the experimentally-derived 282 MHz csa linewidths 
Table 5) with the theoretical values of Av demonstrates that x. , 
csa 1,1 
values are all slower than 0.1 jjs, and there is negligible internal motion 
Val 
about the glycosidic bond of FUrd residues in [FUra] tRNA ^  . This is 
consistent with a maintenance of H-bonding and/or stacking interactions, 
as noted by others (Holbrook and Kim, 1984; Levitt, 1983). Since T^  
is expected to affect the overall T^  only if  ^is in the nanosecond 
range (Figure 23A, Equation 16), it can be concluded that the T^  values 
listed in Table 4 closely approximate the dipolar T^ . This justifies use 
of these data in calculating log (T^ /jfl^ ) (Table 4). 
19 Figure 23. Theoretical chemical shift anisotropy relaxation parameters for F resonances in the 
V a  1  282 MHz NMR spectrum of FUra-substituted tRNA , . T, (A) and the linewidth due to 1 l,csa 
csa (B) are plotted as a function of the internal rotational correlation time, 
t. , for rotation of FUrd about the glycosidic bond. The isotropic tumbling time for 111 
tRNA (TJ )^ was fixed at 30 nsec 
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DISCUSSION 
Val FUra-substituted tRNA  ^ has been purified from coli and has been 
resolved into two isocacceptors, termed forms (A) and (B) based on their 
order of elution from RPC-5 (Figure 4). Nucleoside analyses (Table 1) 
demonstrated that all uracil and uracil-derived minor bases are substi-
19 
tuted by FUra to the extent of 95%. F NMR spectra of the (A) and (B) 
forms of both [FUra] tRNA^ ^^  and tRNA^ ^^  differ only in the shift of peak 
E from 4 ppm (form (B)) to ca. -15 ppm (form (A)). Based on sequence 
studies (Hills et al., 1983), peak E in [FUra] tRNA^ ^^  (B) was assigned to 
F20, the position normally occupied by the modified nucleoside dihydro-
uridine. In the (A) form of [FUra] tRNA^ ^^  position. 20 is occupied by 
a modified fluorodihydrouridine residue formed by alkaline hydrolysis 
of fluorodihydrouridine during the purification procedure (Hills et al., 
1983; Horowitz et al., 1983). By analogy to the assignment in [FUra] 
tRNA^ ^^ , peak E in the ^ F^ NMR spectrum of [FUra] tRNA^ ^^  (B) has been 
assigned to F17, the position occupied by dihydrouridine in native 
tRNA^ j^  (Yaniv and Barrell, 1969). 
19 An initial approach to assigning F resonances in the NMR spectra 
of FUra-substituted tRNA can be made from a consideration of the physical 
19 
and chemical properties attributed to individual F peaks. As discussed 
Val in the Introduction, FUra residues in tRNA  ^ can be grouped into three 
classes (Horowitz et al., 1977): those involved in secondary H-bonding 
Val (6 in tRNA ^  including FUras 17, 33, 34, 47, and 59), those involved in 
tertiary H-bonding (3 in tRNA^ ^^  including FUras 8, 54 and 55), and those 
Val 
involved in neither (5 in tRNA ^  including FUras 17, 33, 34, 47, and 59). 
120 
Since the thermal melting of unfractionated FUra tRNA and purified tRNA  ^
19 (Figure 15) causes the F resonances to coalescence into a sigle peak at 
19 
ca. 4.7 ppm, and poly (FU) (random coil) also shows a single F resonance 
19 
at the same chemical shift (Figure 7), F signals in this region pre­
sumably represent those FUra residues in relatively unstructured regions 
of the tRNA molecule, i.e., those not involved in H-bonding. The spectrum 
Val 
of fluorinated tRNA ^  shows numerous peaks shifted upfield and downfield 
from the resonance at 4.7 ppm. The downfield resonances are the first to 
disappear as the temperature is raised (Figure 16), and, therefore, can 
reasonably be assigned to FUra residues involved in tertiary H-bonding. 
The group of resonances upfield from the central cluster are then derived 
from the FUra residues located in the helical stem regions of the tRNA; 
those involved in secondary H-bonding. 
In the discussion that follows, several factors that have been found 
19 to influence F chemical shifts in macromolecules will be considered 
with reference to the ^ F^ NMR spectrum of [FUra] tRNA^ ^^ . A more detailed 
discussion may be found in a review by Gerig (1978). 
19 As a result of an intensive F NMR investigation of 3-fluoro-
tyrosine-substituted bacterial alkaline phosphatase, Hull and Sykes 
(1974, 1975a, 1975b, 1976) have formulated a relationship between ^ F^ 
chemical shift and the chemical environment of individual fluorotyrosine 
residues within the protein. In their analysis of the relaxation of var­
ious ^ F^ atoms in the protein, these authors defined a parameter Z r^  ^^  
which depends on the distance, r, from a given fluorine to neighboring 
protons. This is the same term that cancels when taking the ratio log 
(T^ /zcT^ ) as outlined in the Theory section of the Introduction. These 
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19 terms must be canceled to remove the environmental-dependences of the F 
NMR relaxation rates and TgQ. It was found (Hull and Sykes, 1976) 
-6 that values of Z r.. correlated well with the downfield chemical shifts ij 
19 
of F resonances in the spectrum of the fluorinated protein. Based on 
these experiments, it is their contention that the van der Waals contact 
interaction, which involves distortion of an atom's electron cloud by 
close interaction with neighboring atoms (London dispersion forces) and 
19 generally results in downfield shifts, is the most important F chemical-
shift mechanism for "buried" fluorine-labeled residues. Solvent isotope 
shift (SIS) measurements made by Hull and Sykes (1976) on fluorotyrosine 
alkaline phosphatase also correlated w :11 with values of I r.. again 
-6 demonstrating the dependence of Z r^  ^ on the degree of "buriedness" of 
the fluoroamino acid in protein structures. 
19 Another mechanism, which may be important in determining F chemi­
cal shifts for FUra residues located in stacked helices, involves ring-
current-shielding effects produced by magnetically anisotropic aromatic 
residues (Gerig, 1978). The direction and magnitude of these shifts 
depends on the stereochemical juxtaposition of the aromatic rings and 
the fluorine nucleus (Gerig, 1978). Lee and Tinoco (1980) concluded, 
based on an extensive H^ NMR study with 13 trinucleotide diphosphates, 
that the best measures of base-base stacking from chemical shifts are 
obtained from the H5 resonance of pyrimidines and the H2 resonance of 
adenine, since the chemical shifts of these peaks were most sensitive 
to the degree of thermally-induced unstacking of helices. This sen-
19 
sitivity should also apply to the chemical shifts of F resonances 
Val 
corresponding to FUra residues in helical regions in [FUra] tMA ^  . An 
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example is provided by Coleman, and collaborators who noted 0.3 to 0.6 ppm 
19 
upfield chemical shifts for the F signals of both incorporated m-fluoro-
tyrosine (Coleman and Armitage, 1978) and 5-fluoro-2'-deoxyuridine-5'-
phosphate upon binding of the nucleotide to fluorotyrosine-modified gene 
5 protein from bacteriophage fd (O'Connor and Coleman, 1982). They attri­
buted these shifts to ring-current effects produced by partial intercala­
tion of the bound nucleotide between the stacked aromatic residues at the 
protein polynucleotide-binding site. A more directly relevant example 
involves recent codon-anticodon binding studies in which an 0.69 ppm up-
19 field chemical shift was noted for peak H in the F NMR spectrum of 
Val [FUra] tRNA ^  upon binding of either the trinucleotide GpUpA or the 
tetranucleotide GpUpApA (Gollnick et al., 1984). The trinucleotide pro­
duces an upfield shift of peak H in a manner consistent with fast exchange 
kinetics allowing preliminary assignment of this peak to F34 in the anti-
codon. GpUpApA, which is complementary to the anticodon and the 5'-
adjacent F33, causes an additional downfield shift of peak D in a manner 
consistent with slow exchange kinetics, allowing a tentative assignment 
of this peak to F33. Scatchard analyses of the interaction data demon­
strate a higher binding constant (K^  = 6800 M ^ ) for the tetranucleotide, 
containing what may be a 3'-dangling nucleotide, than for the complemen­
tary trinucleotide (K^  = 2500 M )^. This higher may also be attributed 
to a "3'-stacked" to "5'-stacked" conformational transition which allows 
Watson-Crick base pairing occur between F33 and the 3'-Ado residue in the 
tetranucleotide. This possibility is currently under investigation (P. 
Gollnick, Dept. of Biochemistry, Iowa State Univ., private communication). 
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Giessner-Prettre and Pullman (1970) presented a theoretical descrip­
tion of a method used to calculate the isotropic shielding (AÔ, ring 
current shifts) for biologically essential purines, pyrimidines, and 
flavins undergoing stacking interactions. The original calculations 
(Giessner-Prettre and Pullman, 1970) only included values for shielding 
O 
at a distance of 3.4 A from the rings of the bases. These calculations 
were extended (Giessner-Prettre et al., 1976) to include all points in 
o  o  
a cylinder of radius 10 A extending 8 A above and below each ring of the 
base. Arter and Schmidt (1976) used these results to calculate the values 
of the ring current shielding (in ppm) for nucleic acid double helices in 
the A-RNA, A'-RNA, and B-DNA geometries. These values were used to deter­
mine the chemical shifts caused by nearest and second nearest neighbor 
bases on the same and complementary strand for all RNA and DNA sequences. 
All ring carbon and imino protons were considered and the results were 
compared with available experimental data. Differences between experi­
mental and theoretical values of up to 0.4 ppm were found, demonstrating 
the limitations of the theory. Giessner-Prettre et al., (1977) extended 
these studies to hydrogen bonded nucleic acid bases in 29 different hydro­
gen bonded complexes including Watson-Crick, reverse Watson-Crick, Hoog-
steen, reverse Hoogsteen (Haschmeyer) base-pairing, and combinations 
thereof. These calculations have been applied with only limited success 
to the determination of imino proton chemical shifts in the MR spectra 
of tRNA (Reid, 1981; Schimmel and Redfield, 1980). 
Some idea of the effect of ring currents on the chemical shifts of 
resonances corresponding to helical FUra residues in tRNA^ ^^  may be 
obtained from the effects on the analogous H5 resonance in A-RNA helices, 
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using the data of Arter and Schmidt (1976). Five of the six helical FUra 
residues in the fluorinated tRNA participate in F-A Watson-Crick base 
pairs; F67 participates in a F-G wobble base pair. The following upfield 
chemical shifts were obtained using the data of Arter and Schmidt (1976) 
for the H5 resonance of uridine assuming the same nearest-neighbors as 
those found adjacent to the equivalent F-A base pairs in the helical stems 
of [FUra] tRNA^ "^ : U12 (0.39 ppm), U29 (0.51 ppm), U4 (1.07 ppm), U7 
(1.47 ppm), and U67 (1.53 ppm). All chemical shifts are upfield indicat­
ing that in the absence of other mechanisms, upfield chemical shifts would 
be predicted for the ^ F^ resonances of helical FTJra residues in tRNA^ ^^ -
Because this type of data has had only limited success in predicting 
quantitative chemical shifts in NMR spectra of tRNA (Reid, 1981; 
Schimmel and Redfield, 1980) and because it is difficult to conclude that 
19 
a necessary relationship exists between F chemical shifts for FUra 
residues in tRNA^ ^^  and shifts in the equivalent A-RNA helices of 
19 
native tRNA it is unlikely that peaks J-N in the F NMR spectrum of 
Val [FUra] tRNA ^  correspond exactly to the sequence of residues given above. 
19 It is known (Gerig, 1978) that the solvent effect on F nuclei upon 
transfer from water to a nonpolar solvent is usually substantially upfield. 
This mechanism would be expected to oppose (lessen) the downfield van der 
Waal contact shift effects on "buried" FUra residues in tRNA, however it 
would enhance the upfield shifts of FUra residues in the very electron-
rich hydrophobic helices. By the same token, van der Waal contact mech­
anisms may oppose (lessen) upfield shifts for helical FUra residues. It 
should be noted that [FUra] tRNA^ ^^  ^ F^ NMR spectra differ from protein 
19 19 
F NMR spectra in having F signals shifted both upfield and downfield 
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19 from the chemical shift position of completely exposed F residues 
(Gerig, 1978). 
Results of sodium bisulfite modification experiments (Figure 10), 
19 pH dependences and the F chemical shifts (Table 2), and in a more quan-
19 titative sense, the SIS data (Table 3), support the contention that F 
Val 
resonances in the NMR spectra of FUra-substituted tRNA  ^ can be grouped 
into those peaks corresponding to residues in relatively unstructured 
environments (peaks D-H) that are reactive with bisulfite and easily 
accessible to solvent (SIS > 0.2 ppm); those participating in tertiary 
interactions (peaks A-C), shielded from solvent (SIS S 0.1 ppm); and 
those in helical domains (peaks I-N), partially shielded from solvent 
(SIS = 0.1-0.15 ppm). Although peak A has a very high SIS value (0.26-
0.38 ppm), the bisulfite modification data demonstrate that this residue 
is not solvent exposed. Also, peak G is not solvent exposed according to 
SIS data (SIS = 0 ppm) yet this residue reacts with bisulfite. The reason 
for the anomalous SIS value for peak G is unknown, however for peak A it 
2+ 
is proposed, based on Mg -binding experiments (Figure 14) and the effects 
19 
of salt on F chemical shifts (Figure 12), that the large SIS results 
2+ 
from specific binding of a water molecule in place of Mg in the immedi­
ate vicinity of the corresponding residue (see later discussion). 
Reaction of FUra residues corresponding to peaks E-G and possibly 
D and H with bisulfite implies that these residues are in single-stranded 
regions of the tRNA molecule (Schulman and Pelka, 1977). Schulman and 
Pelka (1977) found that the reagent reacted with residue 18 in the D loop, 
residue 37 in the anticodon loop, and residue 48 in the variable loop of 
E. coli tRNA^ g^ . Peaks D and H in the ^ F^ NMR spectrum of [FUra] tRNA^ ^^  
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have been assigned to F33 and F34 (in the anticodon loop), respectively, 
while peak E has been assigned to F17 (in the D-loop) (Gollnick et al., 
1984). Thus, these assignments are generally consistent with the sites of 
reaction determined by Schulman and Pelka (1977). It is unclear whether 
the residues corresponding to peaks D (F33) or H (F34) react. Schulman 
and Pelka (1977) did not find reactivity with U33; tRNA^ ^^  does not have 
a uridine residue at the 5'-position of the anticodon. 
Various ^ F^ resonances in the NMR spectrum of purified [FUra] tRNA^ ^^  
demonstrate different degrees of sensitivity to increasing monovalent 
(Na*) cation concentration (Figure 12). Especially notable is the highly 
ionic-strength dependent shift of the lowest field resonance (peak A). In 
19 
contrast, peak B in the F NMR spectrum remains unperturbed by increasing 
monovalent cation concentration. The lowest field resonance (peak A) in 
Val the spectrum of [FUra] tRNA ^  is also hypersensitive to the removal of 
2+ 2+ 
Mg (Figure 14). Further, Mg depletion does not affect resonance B, 
paralleling effects seen upon addition of Na^  ion. These inverse effects 
suggest that at high monovalent cation concentration there is an ion 
competition for sites occupied by weakly bound divalent cations. Redfield 
and collaborators (Johnston and Redfield, 1981; Tropp and Redfield, 1981) 
noted that the chemical shift of resonances in the 10.6 - 10.9 ppm region 
of the NMR spectra of yeast tRNA^ ^^ , and coli valine and N-formyl-
2+ 
methionine tRNAs were hypersensitive to removal of Mg , in a manner simi­
lar to the behavior of peak A in the ^^ F spectrum of [FUra] tENA^ ^^  (Fig­
ure 14). The proton peaks were assigned by means of nuclear Overhauser 
effect studies to the Nl-H of #55. Cross relaxation rates between ijiSS and 
2+ 
the methyl protons of T54 were not affected by changes in Mg concentra-
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tion, indicating that the stacking arrangement of these two residues 
remained unchanged (Tropp and Redfield, 1981). These authors postulate 
2+ 
that the large chemical shifts produced by changes in Mg concentration 
are due to expulsion of a water molecule hydrogen bonded to the N1 proton 
of ^ 65, by the divalent cation. An analogous mechanism may produce the 
19 
effect observed for peak A in the F NMR spectrum of FUra-substituted 
Val 
tRNA ^  , suggesting that peak A can be assigned to F55. Here, it must be 
noted that the FUra located at position 55 in FUra tRNAs will have only 
a single imino proton, with the fluorine atom poised at the position 
normally occupied by the Nl-H of ïj}55 in the native tRNA. 
2+ 
Thermal denaturation, in the absence of Mg , results in a gradual 
19 transfer of peak B intensity from 6.6 to 6.4 ppm in the F NMR spectrum 
of FUra tRNA^ ^^  (Figure 14). This transition, which is half complete at 
ca. 36°C, is indicative of a slow exchange between two magnetically 
distinct environments; a temperature-dependent transfer of peak B inten­
sity was not noted in the presence of divalent cations (unpublished 
experiments). The transition noted above resembles the splitting observed 
Val in the methyl proton resonance of T54 in native coli tRNA  ^ (Kastrup 
and Schmidt, 1975; 1978) and in the ^^ C-methyl signals of T54 in several 
tRNAs (Kopper et al., 1983). It was proposed that this splitting repre­
sents a transition from the conformation seen in the crystal structure of 
pk a 
yeast tRNA (Holbrook et al., 1978), in which the methyl group is 
stacked over G53 near the center of maximum shielding, to a conformation 
in which T54 is no longer stacked on G53 and the A58-T54 tertiary base 
pair is lost (Kastrup and Schmidt, 1978). Based on the similarity between 
19 the temperature-dependent transfer of F peak intensity observed with 
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FUra-substituted tRNA ^  and the splitting behavior noted for T5A methyl 
resonances (Kastrup and Schmidt, 1978; Kopper et al., 1983), peak B in 
the ^ F^ NMR spectrum of [FUra] tRNA^ ^^  is tentatively assigned to F54. 
Peak B in the ^^ F NMR spectrum of [FUra] tRNA^ ^^  form (A) is split into 
two peaks of approximately equal intensity, at 6.4 and 6.8 ppm (Hills et 
al., 1983). Since the (A)-form of this tRNA is known to differ from the 
(B)-form only at residue 20, this splitting suggests a structural proxim­
ity between the residue corresponding to peak B and F20. Since T54 is 
Môt 
very close to hU20 in the x-ray crystal structure of ^  coli tRNA ^  
(Woo et al., 1980), and since peak B in FUra-substituted tRNA^ ^^  (Figures 
12 and 14), tRNA^ ^^  (unpublished results), and tRNA^ ®^  (unpublished 
results) has a conserved insensitivity to cation concentrations, it is 
likely that peak B can be assigned to F54 in all three tRNAs. The assign-
19 
ments of peaks A and B to F54 and F55, respectively, in the F NMR spec­
trum of [FUra] tRNA^ ^^ , are supported by reciprocal ^ F^ homonuclear 
Overhauser effects (Figure 18). 
19 
The transfer of peak B intensity from 6.6 to 6.4 ppm in the F NMR 
thermal denaturation profile of FUra-substituted tRNA^ ^^ , which is half 
complete at ca. 36°C (Figure 14), is paralleled by a hyperchromic shift 
(T^  = 36®C) in the uv absorbance-temperature profile of tRNA^ ^^  in the 
2+ 
absence of Mg (Figure 16). Based on the assignment of peak B to F54, 
it can be concluded that this hyperchromism is due to a structural 
transition to a less stacked conformation in the TijiCG-loop region of 
Val 
tRNA J . The low temperature (T^  = 36®C) transition is not observed in 
2+ 
the absorbance thermal denaturation profile at 15 mM Mg (Figure 16), in 
agreement with the absence of a temperature-dependent transfer of peak B 
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intensity in the NMR thermal denaturation profile of FUra tRNA^ ^^  at 
2+ 
10 mM Mg (unpublished experiments). 
19 
F NMR relaxation studies, when interpreted within the 'two-state 
jump' or 'diffusion in a cone' formalisms, indicate that the motional 
amplitudes open to the uridine and uridine-derived minor nucleosides in 
Val 
E. coli tRNA J (0 in Table 4) differ for different residues in the tRNA. 
19 
The F NMR relaxation studies yield amplitudes (0) which are related to 
pseudororational motions in the nucleosides (Figure 3, see Theory section 
of Introduction) and range from ca. 20° to 50° depending on the specific 
residue (Table 4). Based on the preliminary assignment data for the 14 
resonances in the ^ F^ NMR spectrum of [FUra] tRNA^ ^^ , the mobility can be 
related directly to the environment of the FUrd residue within the macro-
molecule. For example, peaks H and D, which have been assigned to F34 and 
possibly F33 in the anticodon loop, are quite free to diffuse = 
40°), while peaks B and A, which have been attributed to F54 and F55 in 
the TjjjC-loop, are quite restricted ~ 20°). Also, peak E, which has 
been assigned to F17 in the hU-loop is very mobile (G^ one ~ 41°). A more 
general trend also emerges. Amplitudes for peaks in the upfield (I-M) and 
downfield (A, B) regions indicate much less mobility in the corresponding 
residues than found for peaks in the central field region (C-F, H). This 
behavior agrees with the general assignment of downfield and upfield peaks 
to tertiary and secondary structure, respectively, and central-field 
resonances to relatively unstructured residues (Horowitz et al., 1977). 
This correlation between mobility and environment is illustrated in Figure 
24 in which the Solvent Isotope Shift (SIS; Table 3) is plotted as a func­
tion of chemical shift. SIS values vary from ca. 0.3 ppm for a completely 
19 Figure 24. Correlation between F relaxation parameters and the 
degree of solvent exposure for individual FUrd residues 
in FUra-substituted tRNA^ ^^ . (A) Solvent isotope shift 
(SIS) data obtained upon transfer of [FUra] tKNA^ ^^  from 
2 
HgO to H2O buffer (Table 2) plotted as a function of 
chemical shift (ô, ppm from FUra). Resonances are labeled 
as in Figure 6. A least-squares fit of the SIS versus ô 
data is included. Experimentally determined values of 
log (T-/7t T-) and the NOE, obtained for individual 
19 F resonances, are plotted as a function of chemical 
shift (Ô) in (B) and (C), respectively. Amplitudes (6) 
derived from experimental NOE data for FUrd in FUra-
Val 
substituted tKNA ^  (l^  = 30 nsec,  ^~ nsec), 
using the diffusion in a cone model, are labeled on the 
ordinate of (C). A least-squares fit of the NOE versus 
ô data is also presented 
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solvent-exposed FUrd residue to 0 ppm for a buried residue (Hull and Sykes, 
1976). As was noted earlier, with the exception of peaks A and G, the SIS 
data can be grouped as a function of chemical shift i.e., peaks A-C (SIS é 
0.1 ppm), peaks D-H (SIS = 0.1-0.15 ppm), peaks I-N (SIS > 0.2 ppm). Peak 
A is not exposed to solvent according to the criterion of bisulfite modi­
fication; by this criterion peak G is solvent-exposed. In addition to 
the SIS data, the experimentally-derived log (T^ R/Tg) and NOE values are 
plotted in Figure 24. Theoretical values of 6 , obtained as described 
cone 
in the Results from the experimental NOE data, are also given on the NOE 
7f 
plot. As noted in Results, although the log (T^ /^^ T^ ) data do not fit the 
theoretical values, these data do follow the same trend as the NOE data 
(Figure 22). The correlation between solvent exposure and mobility (as 
determined by these relaxation parameters) is readily apparent. Downfield 
peaks (3° structure) correspond to the least mobile and least solvent 
exposed residues, upfield peaks (helical structure) correspond to residues 
with low to intermediate mobilities and an intermediate degree of solvent 
exposure, and central field peaks correspond to residues which are quite 
mobile and solvent-exposed. Specific assignments obtained to date are 
also noted in the figure. 
NMR relaxation studies have yielded correlation times for internal 
motion in nucleic acids resulting from pseudorotational mechanisms (see 
Theory section of the Introduction) that are in the nanosecond range, and 
amplitudes for these motions that are in the 10° to 60® range (Lipari and 
Szabo, 1981; Levy et al., 1983; Schmidt et al., 1983; Assa-Hunt et al., 
1984). Schmidt et al. (1983) in their NMR studies with unfractionated 
13 13 [ Cl'-ribose]-labeled E_^  coli tRNA were unable to resolve multiple C 
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resonances for the different ribose CI' atoms in the molecule. The 
amplitude for CI*-HI* vector diffusion (6) was measured as ca. 14° using 
the correlation time for internal motion (1.6 nsec) used in these studies. 
These values represent mean values for CI'-HI' vector diffusion in all 
ribose residues and all isoacceptors of coli tRNA. Large amplitude 
motions (relative to 14°) may be masked by the large helical and tertiary-
13 
structure contributions to the overall measured C relaxation parameters. 
Thus, the usefulness of site-specific probes of these internal motions, 
Val 19 
as offered by the [FUra] tRNA ^  - F NMR system, becomes apparent. 
It is gratifying that the experimentally-derived amplitudes (6, 
Table 4) fall in the same range as those derived from experimental and 
theoretical data of others (Kao et al., 1983; Schmidt et al., 1983; 
Holbrook and Kim, 1984). High mobility of uracil-derived residues were 
qualitatively determined by Olsen et al. (1982) in the anticodon loop 
(V33) and in the dihydrouridine loop (hU17) from ^^ C NMR studies of [^ C^-
Val 
4-uracil]-labeled coli tRNA ^  . It should be noted that the fluctua-
tional properties inherent in a dihydrouridine moiety may also contribute 
Val 
to the mobilities determined by these authors. In [FUra] tRNA ^  (B), 
this position (17) has been shown to contain FUrd (Horowitz et al., 1983), 
19 thus the increased mobility of the dihydrouridine ring is absent. F NMR 
relaxation data still indicates a large motional amplitude for this resi­
due. These conclusions concur with Holbrook et al. (1978) who, from high 
Pll6 
resolution x-ray diffraction studies with yeast tRNA , derived large 
thermal vibrational amplitudes in exactly the regions indicated by the 
19 
F NMR relaxation data as having the largest internal mobility (the hU 
and anticodon loops) (Figure 25). 
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Figure 25. Thermal vibrational motions of each nucleoside in yeast 
PtlÊ tRNA derived from x-ray crystallographic data. The 
radius of each circle is proportional to the average mean 
displacement of each residue (from Kim, 1979) 
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19 The site-specific mobilities demonstrated by the F NMR relaxation 
studies point to several significant functional aspects of the tRNA struc­
ture. Solvent accessibility and residue mobilities are only weakly cor­
related (ca. 60%) in several protein x-ray crystal structures (Dr. R. 
Honzatko, Dept. of Biochemistry, Iowa State Univ., Ames, lA, private 
communication). It appears significant that these parameters are well 
correlated in [FUra] tRNA^ ^^  (Figure 24). In proteins, active site 
regions must be quite mobile, however these regions are usually located 
within grooves of variable depth that are often quite hydrophobic in 
nature (Walsh, 1979; McCammon and Karplus, 1983). Thus, mobile regions 
in proteins wouldn't necessarily be expected to correlate with a hydro-
philic environment. Transfer RNA loop regions, on the other hand are 
highly anionic (i.e., not as well charge-neutralized by the counterion 
shield) and are exposed to act as ligand-like structures for the various 
functional interactions required of tRNA. Thus, it is possible that 
solvent exposure and high mobility indicate uncharacterized functional 
contact points on the tRNA^ ^^  molecule (i.e., hUrd (FUrd) 17). This 
speculation will only be borne out by further experimentation. 
What are the reasons for a greater mobility in functionally signifi­
cant domains? If a ligand-like site on tRNA such as the anticodon or 
amino acid acceptor region can search more effectively through the ster-
ically and electrostatically allowable conformations open to it, kineti-
cally more efficient binding processes can occur. This idea resembles 
the "induced-fit" concept for proteins (Cornish-Bowden and Koshland, 1971). 
It was noted in Results that the linewidth of peaks C and D showed 
an anomalously large field-dependence (A-factors in Table 5). Similar 
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large A-factors were noted by Hull and Sykes (1975a) for the downfield 
19 peaks 1 and 3 in the F NMR spectrum of 3-fluorotyrosine-substituted 
alkaline phosphatase. Such large values suggest the contribution of field-
dependent mechanisms other than dipolar to the relaxation of peaks C and D. 
Hull and Sykes (1975a and 1975b) also noted that the NOE can depend on p* 
19 
mechanisms (p* represents F relaxation via mechanism other than dipolar); 
these mechanisms will reduce the magnitude of the theoretical values of 
the NOE obtained from Equation 8 (see Theory section of the Introduction). 
According to Hull and Sykes (1975a), the most obvious p* mechanism other 
19 than csa is chemical exchange of the F nucleus between two distinct 
magnetic environments, by 180° rotations of the FUra ring about the gly-
cosidic bond- The exchange rates between these two environments may be 
estimated as follows. The theoretical maximum Av for FUrd in [FUra] 
csa 
Val 
tRNA J is ca. 19 Hz figure, thus one can estimate the exchange contribu­
tion to the linewidth (Av^ )^ as the difference between Table 5 
and the maximum theoretical Av . These values are 135 Hz and 111 Hz for 
csa 
peaks C and D, respectively. The rates of exchange (t^ J^ for two states 
of equal lifetime may be calculated using Equation 17 (Hull and Sykes, 
1975a). 
AVe^  = (1/8 7t) [271 (v^  - Vg)]2 (17) 
where and Vg are the resonance frequencies of the two contributing 
resonances in Hz. For peak C, assuming a range of (v^  - Vg) from 0.5 to 
-3 -4 3.0 ppm, values ranging from 4.2 x 10 s to 1.2 x 10 s are obtained. 
For peak D, using the same range of (v^  - Vg), ranging from 3.5 x lO ^ s 
to 9.8 X 10 ^ s are obtained. 
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If the conformation in the [FTJra] tRNA  ^ anticodon loop is similar 
to that found in yeast tSNA (Holbrook et al., 1978), then F33 (peak D) 
should be hydrogen-bonded to P36 across the loop. This linkage is 
thought to stabilize the anticodon structure and may be broken as a 
result of conformational changes in the anticodon (Lake, 1977). The ex­
change of residue D between two states requires transient breakage of the 
U33-P36 bond. Since this exchange is relatively slow (see above), the 
U33-P36 linkage may represent an important stabilizing characteristic 
in the anticodon structure. 
It is unexpected that measured T^  values are approximately one-half 
those calculated for FUrd in tRNA (Figure 22A, i) (T. „ = 1.6 ns), since 
intramolecular motion or interactions with internuclear dipoles would 
only be expected to increase Tj. A large csa contribution to T^  would 
have the effect of decreasing the dipolar (given a constant overall 
T^ , see Equation 16), however it was concluded that csa makes a very small 
contribution to the measured T^  (see Results). An explanation for the 
large experimental values of log (T^ /zcT^ ) may be slow-exchange linebroad-
ening due to partially uncoupled translation of FUrd residues relative 
to proximal nucleotides. These asymmetric exchange motions should con-
19 tribute to the field-dependent F linewidth and, thus, result in anomo-
lously high values for the linewidth field-dependence factors A. It seems 
significant that the highly solvent-exposed residues corresponding to 
peaks E and F fit the theoretical data quite well (Figure 22). Peak D 
deviates widely from the least-squares line due to a very large Av^  rela­
tive to the small NOE value (Figure 22). 
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Holbrook and Kim (1984) describe the motions open to nucleosides in 
helical RNA (in the solid state) using an analysis of single crystal 
x-ray diffraction data. They define seven types of motion for double 
helices: (1) propeller-twisting and rolling, (2) buckling, (3) sliding 
in the plane of the base pairs, (4) coupled rotation of the sugar and base 
as a unit, (5) coupled translation, (6) fluctuation of the groove size 
and helix-bending modes, and (7) dangling-end and winding-unwinding 
effects. Moreover, their analysis indicates that translation is coupled 
19 between base pairs and that the motion is largely in phase. F NMR csa 
relaxation data (Table 5), when interpreted using the theory of Hull and 
Sykes (1975a) (see Theory section of the Introduction), indicate that the 
correlation time for torsional motion of FUra about the glycosidic bond 
(T. ,, see Figure 3) is slower than 0.1 jjsec for all FUrd residues in 
Val [FUra] tRNA ^  . Since this is quite slow, it is likely that base pairing 
and/or stacking interactions are maintained for all residues monitored 
19 by F NMR. The conclusions of Holbrook and Kim (1984) are related 
19 to those drawn from F NMR csa relaxation data (Table 5) since the NMR 
studies imply that base-pair breakage is absent and that nucleoside motion 
must thus occur with %-electron van der Waals contacts being maintained 
between adjacent bases. According to Holbrook and Kim (1984), buckling 
modes dominate at pyrimidine residues while libration of the nucleoside 
occurs as a unit. They determined a rms deviation of the nucleotide 
from its mean position of =21° for RNA bases in helical structures, and 
deviations of =43® for bases in nonhelical regions. Again, to the extent 
of interpretation that the assignment data allows, the amplitudes derived 
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from NMR relaxation studies of [FUra] tRNA^ ^^  conform nicely to these 
extremes and follow this trend (see Table 4, 6 values)-
19 Since F NMR csa relaxation data imply that in solution stacked 
Val helical structures are maintained in [FUra] tRNA ^  , the functionally-
important anticodon stem-loop and the acceptor stem (Figure 1) remain in­
tact. This would guarantee a structurally viable tRNA for codon recogni­
tion and binding processes, and for other biologically relevant interac­
tions . 
Marshall and Smith (1980) reach conclusions quite different from 
19 those drawn from the F NMR relaxation studies reported here, in their 
^^ F{^ H} NOE study of FUra-substituted E^  coli 5S ribosomal RNA. Based 
19 1 partially on F{ H} NOE data, these authors conclude that all uridine 
(FUrd) residues in 5S RNA have internal correlation times which are 
èlO nsec and are, therefore, located in helical domains. Their evidence 
1 9  
shows that all peaks in the F NMR spectrum of [FUra] 58 RNA are com­
pletely nulled on irradiation (NOE = -1). In contrast to these 
results, and in agreement with the NOE studies on [FUra] tRNA (Figure 20; 
Table 4), NOE experiments carried out in this laboratory with 
[FUra] 5S RNA yielded NOE values in the -0.3 to -0.8 range (unpublished 
results). One possible explanation for the failure of Marshall and Smith 
to observe variable NOE values for different FUra residues is the omission 
of filters in the transmitter and receiver leads from the probe, resulting 
1 19 in a spillover of H-frequency broadband decoupling power into the F 
19 
resonance frequency, and the subsequent decoupling of all F intensity. 
Experiments designed to test this possibility demonstrated a complete 
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19 1 
nulling of the F NMR spectrum upon H broadband decoupling in the 
absence of the proper filters (unpublished results). 
Val 
In conclusion, [FUra] tRNA ^  has been purified and resolved into two 
19 forms. F NMR spectra of the two isoacceptors were obtained and these 
differed in the replacement of one central field peak in the B-form by a 
19 
resonance in the -15 ppm region of the F NMR spectrum of the A-form. 
Mât Based on a comparison to similar results with the two forms of tRNA ^  
(Hills et al., 1983), this peak (E) in the spectrum of [FUra] tRNA  ^ was 
assigned to F17 (in form B). Strong evidence has been presented, includ-
19 ing F NMR and optical thermal denaturation data, sodium bisulfite modi-
19 fication, and SIS data, which supports the contention that the F 
resonances in the spectra of FUra-substituted tRNA can be classified into 
three groups, those peaks corresponding to FUra residues participating in 
tertiary interactions (downfield), helical domains (upfield), and rela-
19 tively unstructured environments (ca. 3.8-4.9 ppm). F NMR and optical 
19 thermal denaturation data, F homonuclear NOE studies, and a conserved 
2+ + 
insensitivity to Mg and Na binding effects among three purified [FUra] 
19 tRNAs provide evidence for the assignment of peak B in the F NMR spec­
trum of [FUra] tRNA^ ^^  to F54. In addition, the ^ F^ NMR and uv-absorbance 
thermal denaturation data are interpreted as indicating a thermally-
induced low temperature (T^  = 36°C) structural transition to a less 
Val 
stacked conformation in the TI JCG-region of [FUra] tRNA ^  . A conserved 
hypersensitivity to Mg and Na concentration and F homonuclear NOE 
19 
experiments allow tentative assignment of peak A in the F NMR spectra of 
three [FUra] tRNA species (i.e., tRNA^ ^^ , tRNA^ ®^ , and tRNA^ ®^  to F55. 
141 
Finally, the utility of the bisulfite modification reaction as an assign­
ment tool for solvent exposed FUra residues is demonstrated. 
19 It has been demonstrated that F NMR relaxation data, derived from 
Val FUra-substituted tRNA  ^, are consistent with internal motions which 
occur on the nanosecond timescale and whose amplitudes differ depending 
on the structural environments occupied by the individual FUrd residues. 
These data are consistent with experimental (Sussman et al., 1978; 
Holbrook and Kim, 1984) and theoretical (Prabhakaran et al., 1983) 
mobility data derived from x-ray crystallographic studies with yeast 
Phe tRNA . In addition, these studies demonstrate a successful extension 
of the elegant methodology developed by Hull and Sykes to study the 
internal dynamics of FTyr-substituted alkaline phosphatase (Hull and 
Sykes, 1974; 1975a; 1975b; 1976) to an investigation of ^^ F-labeled 
nucleic acids. Thus, when interpreted within the proper theoretical 
19 framework, F NMR relaxation studies offer a powerful new method for 
determining site-specific internal dynamics in nucleic acids. In a 
19 broader sense, these studies serve to establish F NMR of fluorinated 
nucleic acids as a viable method for studying nucleic acid structure and 
dynamics. 
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APPENDIX 
iq 
Calculation of Theoretical F NMR Relaxation^  , 
Parameters for Residues in FUra-Substituted tRNA ^  
The following programs were used to generate the dipolar and 
chemical shift anisotropy relaxation parameters presented in Figures 21 
and 23, respectively. The purpose of each program is described briefly 
bel o w .  V a r i a b l e s  P ,  t .  ^ ,  T .  a n d  6  a r e  d e f i n e d  i n  F i g u r e  3 -
1 J i. 1 5 
Program Purpose 
RELAX INT #2 
NOE INT 
T1 JIMP 
RELAX JUMP 
NOE JUMP 
Used to calculate the ratio T^ /70^ 2 a function 
of the internal correlation time X. _ with free 
1 
internal diffusion about an axis located at 
P = 109.5° from the F-H vector. 
Used to calculate the ^ F^{^ H} nuclear Overhauser 
effect as a function of the internal correlation 
time X. , with free internal diffusion about an 1 , ^ 
axis located at p = 109.5° from the F-H vector. 
Used to calculate T^  with jumps between potential 
energy minima at p = 109.5° from the F-H vector as 
a function of the internal correlation time X. _. 
The jump half-angle is input as a variable. 
Used to calculate the ratio as a function of 
the internal correlation time X.  ^and the jump 
half-angle as described for the program T1 JUMP. 
Used to calculate the ^ F^{^ H} nuclear Overhauser 
effect as a function of the internal correlation 
156a 
T1 CONE 
RELAX CONE 
NOE CONE 
CSA INT#2 
CSA INT T2 
time t. _ and the jump half-angle as described for 
the program T1 JUMP. 
Used to calculate T^ , with diffusion of the F-H 
vector within a cone, as a function of the inter­
nal correlation time T. ». The cone half-angle 
(9 ) is input as a variable. 
cone 
Used to calculate the ratio T /^TIT  ^as a function 
of the internal correlation time t.  ^and the cone 
1 
half-angle as described for the program T1 CONE. 
Used to calculate the nuclear Overhauser 
effect as a function of the internal correlation 
time t. _ and the cone half-angle as described for 
the program T1 CONE. 
Used to calculate the T^  due to chemical shift 
anisotropy as a function of the correlation time 
t. , for diffusion about the glycosidic bond. 
Used to calculate the T^  and linewidth due to 
chemical shift anisotropy as a function of the 
correlation time I. - for torsional diffusion of 
FUrd about the glycosidic bond. 
156b 
1 REM 'RELAX INT#2' USED TO CALCLILATE T1/PI»T2 WITH 
2 REM FREE INTERNAL DIFFUSION USING E'î.3-9 BIOCHEM. 13.3431 ( 1974). 
3 REM INTERNAL DIFFUSION E<5. ACCORD- ING TO WOESSNER.J.CHEM.PHYS., 
4 REM 36.1<1962). 
5 REM SET CORRECT FRE<5. IN LINES 10 fc 20, ENTER T<C) IN SEC. 
7 PI=3. 14159 
10 J=282.407*1E6*2»PI:J2=<J)*2 
13 INPUT" T(C)*!T2 
14 INPUT-LOWER iriTEPMAL T<C>";TR 
20 1= 232. 407«< 1130.06/94. 16>»1E6*2»I'1:12=( I ><^ 2 
25 DI= J-l:SU»J+l!P2=<DI )'*2:S2=(S'J)'^ 2 
30 FOR TX=1 TO 10:TM=TP*TX:T1 = <TZ)-^ 2 
32 TB=< 1/<1/TZ+1/TI1> )*2;TD=<1/< 1/TZ+4/TM) )*2;ET=<TE)'^ .5:DT=<TD)*.5 
34 TG=109»/18O:LL=COS(TG):REt1 ANGLE BETWEEM R(IJ) AHO THE AXIS 
36 AA=l/4*(<3*(L*2)-1>"2):BE»3»<L*2*<1-<L*2))): CC=3/4*<<L'^ 2)-1)*2 
40 Al=AA»<TZ/<l + <D2»Tn)) 
41 A2=BB»<BT/<1+<D2»TE))) 
42 A3=CC»<DT/(1+<D2*TD))) 
50 E1=AA*<3»TZ)/<1+<I2»T1)) 
51 E2=BE*<3»BT) /< l+.( I2*TB) ) 
52 B3=CC»<3»DT)/<1+<I2*TD)) 
60 C1=AA»<6»TZ)/<1+<S2»T1)) 
61 C2=BB»<6«BT)/<1+(S2*TB)) 
62 C3=CC»(6«DT>/<1+<S2*TD)) 
63 E1=AA»<4*TZ) 
64 E2=EE»<4«BT) 
65 E3=CC»<4«DT) 
66 F1=AA»<6»TZ)/<1+<J2»T1)) 
67 F2=BB*(6*BT)/(1+(J2*TB)) 
68 F3=CC»<6#DT)/<1+<J2*TD)) 
70 A=A1+A24-A3:B=E1+B2+B3:C=C1+C2+C3:E=E1+E2+E3:F=F1+F2+F3:D=A+B+C+E+F 
80 <51=2»PI»(A+P+C) 
115 PRINTSPRINT 
130 PRIMT" T(C) «=*;TZ 
140 PRINT" LOGt T<C) )«•;LOG(TZ)/LOG<10) 
150 PRINT"T(IMT)»*;TM 
160 PRINT" Tl/PI*T2 =';D/D1 
170 PRINT" L0G(T1/PI»T2) =»" ;L0G<D/<31 )/LOG< 10) 
223 FOR TP=1 TO 10O0:NEXT TP 
235 NEXT TX 
239 INPUT"CONTINUE( Y/N> " 
240 IF e<«="V THEN 260 
250 IF «SQSO'Y" THEN END 
260 GOTO 13 
READY. 
157 
1 REM 'HOE Kir» USED TO CALCULATE THE MOE WITH 
2 REM IMTERMAL FREE DIFFUSION USING E<i.2-5,EIOCHEM.19.5955<1980)., 
3 REM EQ.35,PHYS. REV.99,539<1955)., & E@NS.6-9,BIOCHEM.13,3433(1974). 
4 REM SET CORRECT FRES. IN LINES 10 & 20, ENTER T(C) IN SEC. 
7 PI=3.14159 
10 J='2S2.407»1E6*2»PI JJ2=<J)*2 
13 INPUT"T(C)';TZ 
14 INPUT"LOWER INTERNAL T(C>*;TR 
20 1=282.407»(100.06/94.16)»1E6»2»PI : I2=<I)*2 
25 DI=I-J:SU=.J+i:D2=(DI)*2:S2=<SU>''2 
30 FOR TX=1 TO lO«TM=rR*TXsTl=(TZ)*2 
31 H?-I.055E-33:R3=(2.58E-10)*3 
32 TB^ d/d/TZ-t-l/TM) )*2;TD-<l/<l/TZ+4/TM) )*2!ET«<TB>'*.5:DT=<TD)'^ .5 
34 TG=109*PI/180:L=COS<TG):REM ANGLE BETWEEN R<IJ) AND THE AXIS 
36 AA=l/4»(<3*(L'*2)-1)«2);EB»3*<L*2»<1-<L*2)>):CC=3/4*((L*2)-l)*2 
40 A1=AA»<TZ/<1+(D2»T1))) 
41 A2=BB»<BT/(1+<D2*TE))) 
42 A3=CC*(DT/(1+(D2*TD))) 
50 Bl=AA»<3*T2>/(1+<I2»T1>> 
51 P2=BB»<3»BT)/<1+<I2*TE>) 
52 B3=CC»(3»DT)/(1+<I2»TD)) 
60 C1=AA*(6»TZ)/<1+<S2«T1)) 
61 C2=BB»<6*ET)/<1+<S2«TB)) 
62 C3=CC»<6«DT)/<1+<S2»TD)) 
90 A=A 1+A2+A3 : B=B1 +B2+B3 : C=C1+C2 «-03 
100 NO=<C-A)/<B+A+C> 
115 PRINT:PRINT 
130 PRINT" T(C) =»";TZ 
140 PRINT" LOG< T<C) )=";LOG<TZ)/LOG<10) 
207 PRINT"T(INT)=";TM 
210 PRINT" NOE ;M0 
223 FOR TP=1 TO 1000:NEXT TP 
235 NEXT TX 
239 INPUT" CONTINUE( Y/N) " 
240 IF Qi5S="Y" THEN 260 
250 IF THEN END 
260 GOTO 13 
READY. 
158 
1 REM 'Tl JUMP* USED TO CALC'JLATE T1 WITH JUMPS 
2 REM BETWEEN POTENTIAL ENERGY MINIMA ED.3-9 BIOCHEM.13,3431(1974). 
3 REM INTERNAL DIFFUSION E<J. ACCORD- INS TO SCHMIDT,ET AL.,BIOCHEM. 
4 REM 22.1408(1983). 
5 REM SET CORRECT FREQ. IN LIMES 10 & 20, ENTER T<C) IN SEC. 
6 PI=3.14159 
10 J=282.407»1E6»2*PI:J2=><J)'*2 
13 INPUT- T(C)";TZ 
14 INPUT"LOWER INTERNAL T(C)';TR 
15 INPUT*JUMP ANGLE ";AN 
16 INPUT"ANGLE FROM VECTOR TO ROT. AXIS";BE:EF=EE*PI/180 
20 I* 282.407»<lO0.06/94.lt)»lE6»2»PI:I2=<I)*2 
25 D1=J-I :SU«»J+I:D2='DI )'>2:S2=<SU)'»2 
30 FOR TX-1 TO 10:TM=TR*TX!T1=<TZ)*2 
32 TB=<l/( 1/T2+1/TM))''2;TD=<1/(1/TZ+4/TM) )'»2:BT=<TE)*.5!DT=<TD)*.5 
34 TG=AN*PI/180:T@=TG*2:L=COS(T@)!SE=(SIN<BF))*2 
36 C=(3/4)*(SE*(1-L))*((2-SE)*<1-L)) 
40 Al=(l-C)*(TZ/f1+(D2*T1))) 
41 A2=C»<ET/<1+(D2»TB))) 
50 El=(1-C)*(3*TZ)/(1+(I2*T1)) 
51 B2=C*(3*BT)/(!+(I2*TB)) 
6B C1=(1-C)*<6»T2)/<1+<S2»T1)> 
61 C2=C»<6»BT)/<1+(S2«TE)) 
63 E1=<1-C)*(4*TZ) 
64 E2=C»(4*BT) 
66 F1*<1-C)»(6»TZ)/<1+<J2*T1)) 
67 F2=C»<6*ET)/<1+<J2»TB)) 
70 AA=A1+A2:E=B1+B2:C=C1+C2:E=E1+E2 s F=F1+F2:D=AA+B+C+E+F 
80 @1= AA+B*C 
90 QI»<2.5176E4)'»2 :GJ=(2.6753E4)<"2 
100 HE» 1.055E-33! R3« <2. 58E-10 ) <^ -3 
115 PRINTS PRINT 
130 PRINT" T(C) =";TZ 
140 PRINT" LOS( T<C) )=';LOG(TZ)/LOG(10) 
150 PRINT"T(INT)»";TM 
155 TU=10/(GI*GJ*Q1*HB*P3*HB*R3) 
160 PRINT" Tl »";TU 
170 PRINT" LOG(Tl) =":LOG(TU)/LOG(10) 
180 PRINT " JUMP ANGLE »!";ANÎ" DEG. " 
190 PRINT • ANGLE FROM VECTOR TO ROT. AXIS =";BE;' DEG." 
205 0PEH4.4:PRINT#4*PPINT#4 
206 PRINT#4," T(C) =";TZ 
207 PRINT*4," LOG( T(C) )»" ;LOG(TZ)/LOGUO) 
208 PRINT#4,"T(INT)=";TM 
209 PRINT#4," Tl =";TU 
210 PRINT#4, " LOG(Tl) =" ;L'>G<TU)/LOG< 10) 
211 PRINT#4," JUMP ANGLE »";AN;" DEG.• 
212 PRINT#4," ANGLE FROM VECTOR TO ROT. AXIS =";EE;" DEG." 
213 PRINT#4,"";a.0SE4 
223 FOR TP=l TO 1000;NEXT TP 
235 NEXT TX 
239 INPUT"CONTINUE(Y/N)" 
240 IF 0<5t=*Y" THEN 260 
250 IF «<>*<> "V" THEN END 
260 GOTO 13 
READY. 
159 
1 REM 'RELAX JUMP' USED TO CALCULATE TI/PI»T2 WITH 
2 REM JUMPS BETWEEN POT ENERGY MINIMA - ED.3-9 MOCHEM.13,3431<1974). 
3 REM INTERNAL DIFFUSION EQ. ACCORD- ING TO SCHMIDT,ET AL.,PIOCHEH. 
4 REM 22,1408(1983). 
5 REM SET CORRECT PRES. IN LINES 10 & 20, ENTER T<C) IN SEC. 
7 PI-3.14159 
10 J-ZBZ.407»1E6»2»PI:J2=<J>"2 
13 INPUT" T(C)"5TZ 
14 INPUT"LOWER INTERNAL T(C)";TR 
15 INPUT"JUMP ANGLE ";AN 
16 INPUT"AI ISLE FROM VECTOR TO ROT AXIS";EE:BF=BE»PI/180 
20 1= 282. 407*( 100. 06/94.16) *1E6*2*PI : I2=( I)'"2 
25 DI=J-I SSU»J+I :D2»<DI )'*2!S2=(SU)*2 
30 FOR TX=1 TO 10:TM=TR»TX:T1=(T2)*2 
32 TB=<l/<l/TZ+l/TM))*2:TD=<l/(l/TZ+4/TN) )'»2!ET=<TE)*.5:DT=<TD)'>.5 
34 TG»AN»PI /180 : T(S=TG«2 : L^ COS ( T<5 ) t SE= < SI N < BF ) ) *2 
36 C=(3/4)*(SE*(1-L))*((2-SE)*(l-L)) 
40 A1»(1-C)*(TZ/<1+(D2*T1))) 
41 A2=C»<ET/<1+(D2»TB))) 
50 B1=(1-C)*(3*TZ)/(1+(I2*T1)) 
51 B2=C*(3*BT)/(1+(I2*TB)) 
60 Cl=(1-C)*(6*TZ)/(1+(S2*T1)) 
61 C2=C»(6»ET)/(1+<S2*TB)) 
63 E1=(1-C)«<4»TZ) 
64 E2=C*<4»BT) 
66 Fl=<l-C)«<6*TZ)/(1+<J2*T1)) 
67 F2=C»<6»BT)/<1+(J2»TB)) 
70 AA=A1+A2;B=B1+B2:C=C1+C2:E=E1+E2:F=F1+F2:D=AA+B+C+E+F 
80 <S1»'2»PI»(AA+E+C) 
115 PR INT:PRINT 
130 PRINT" T(C) =";TZ 
140 PRINT" LOG( T(C) )»";LOG<TZ)/LOG(10) 
150 PRINT"T(INT)»";TM 
155 PRINT " JUMP ANGLE = ';AH;"DEG" 
157 PRINT "ANGLE FROM VECTOR TO ROT AXIS •";EE;"DEG" 
160 PRINT" T1/PI»T2 =";D/Q1 
170 PRINT" L0G<T1/PI»T2) •";L0G<D/01)/LOG(10) 
190 0PEN4,4: PRINT#4: PRINT#4 
191 PRINT#4," T<C) =";TZ 
192 PRINT«4," L0G( T(C) )=«" ;L0G<TZ)/L0G< 10) 
193 PRINT#4,"T(INT)=";TM 
194 PRINT#4," JUMP ANGLE = ";AN;"DEG" 
195 PRINT#4,"ANGLE FROM VECTOR TO ROT AXIS =";BE;"DEG" 
196 PRINT#4," T1/PI*T2 =*;D/01 
197 PRINT#4," L0G(T1/P1»T2) =";L0G<D/Q1)/LOG(10) 
198 PRIMT#4,"":CL0SE4 
223 FOR TP=1 TO 1000:NEXT TP 
235 NEXT TX 
239 INPUT" CONTINUE( Y/N) " ;0')$ 
240 IF 1)1)$="Y" THEN 260 
250 IF <S<J*="N" THEN END 
260 GOTO 13 
READY. 
160 
1 REM 'NOE JUMP' USED TO CALCULATE THE NOE WITH 
2 REM JUMPS BETWEEN MINIMA USING E'3. 2-5 BIOCHEM. 19,5955(1980), E(i.35 
3 REM ,PHYS. REV.99,559(1955).. E')NS. 6-9,BIOCHEM.13,3433(1974), & 
4 REM E«.2 .SCHMIDT ET AL.,BI0CHEM.22, 1408(1983). 
5 REM SET CORRECT FREQ. IN LINES 10 & 20, ENTER T(C) IN SEC. 
7 PI=3. 14159 
IQ J«282.407*1E6»2»PI:J2=<J)*2 
13 INPUT"T(C)";TZ 
14 INPUT'LOWER INTERNAL T<C)";TR 
15 INPUT- JUMP ANGLE ";AN 
16 INPUT- ANGLE FROM VECTOR TO ROT AXIS*;BE;EF=BE«PI/180 
20 1*282.407»<100.06/94.16)»1E6*2»PI:I2»<I)*2 
25 DI=I-J:SU»»J+IJD2*<DI>*2:S2»<SU)*2 
30 FOR TX=L TO 108TM=TR»TX:T1"=(TZ)*2 
31 HE=1.055E-33;R3=(2.58E-10)*3 
32 TB-D/D/TZ+L/TM) >*2:TD-<1/<1/TZ+4/TM) )*2:ET=(TB)*.5:DT=<TD)'*.5 
34 TG-AN»PI/180:TQ=TG*2:L"COS(TO):SE=< SIN < BF))* 2 
36 C»(3/4)»(SE»<1-L>)•<(2-SE)*(1-L)) 
40 A1=<1-C)»<TZ/<1+<D2»T1))) 
41 A2=C»(BT/<1+<D2»TB))) 
50 B1=(1-C>K3«TZ)/(1+<I2»T1) ) 
51 E2=C»(3*BT)/<1+(I2»TB)) 
60 C1=<1-C)»<6-»TZ)/<1 + <S2»T1>) 
61 C2=C»(6»ET)/<1+<S2»TE)) 
90 AA=A1+A2:B=B1+B2:C=C1+C2 
100 N0=(C-AA)/<<2*B)+AA+C) 
115 PRINT:PRINT 
130 PRINT- T<C) =-;TZ 
207 PRINT-T(INT)=-;TM 
208 PRINT-LOG<T(INT)) »•;LOG<TM)/LOG<10) 
209 PRINT- JUMP ANGLE =';AN 
210 PRINT- ANGLE FROM VECTOR TO ROT. AXIS =";EE 
211 PRINT- NOE »*;N0 
212 0PEN4,4 : PRINT#4: PRINT #4 
213 PRINT#4,- T<C) =-;TZ 
215 PRINT#4,•T(INT)=-;TM 
216 PRINT#4,"LOG(T(INT)) ;LOG(TM)/LOG(10) 
217 PRINT#4,- JUMP ANGLE »-;AN 
218 PRINT#4,- ANGLE FROM VECTOR TO ROT. AXIS =";EE 
219 PRINT*4,- NOE »-;N0 
220 PRINT#4,-":CL0SE4 
223 FOR TP=1 TO 1000:NEXT TP 
235 NEXT TX 
239 INPUT- CONTINUE( Y/N) - ;Q<S* 
240 IF <SIS«=*Y* THEN 260 
250 IF Q@*<>"N" THEN END 
260 GOTO 13 
READY. 
161 
1 REM •Tl CONE' USED TO CALCULATE Tl WITH 
2 REM DIFFUSION IN A CONE USING E<S.3-9 BIOCHEM. 13,3431 ( 1974). 
3 REM INTERNAL DIFFUSION EQ. ACCORD- ING TO SCHMIDT,ET AL..BIOCHEM. 
4 REM 22,1408(1983). 
5 REM SET CORRECT FREO. IN LINES 10 & 20, ENTER T(C) IN SEC. 
7 PI=3. 14159 
10 J=282.407»1E6»2»P1:J2=<J)*2 
13 INPUT- T(C)";TZ 
14 INPUT-LOWER INTERNAL T(C)":TR 
15 INPUT-1/2 ANGLE OF CONE-;AN 
20 I- 282.407*(100.06/94.16)*1E6*2*PI:I2=(I)*2 
25 DI=J-1 ;SU=J+1 s D2«(DI)*2:S2=<SU)*2 
30 FOR TX=1 TO 10:TM=TR»TX:T1=(TZ)'*2 
32 TB=<l/(1/T2+1/TM))*2:TD=<1/<1/TZ+4/TM))*2JET-(TB)*.5«DT=<TD)'^ .5 
34 T6=AN»PI/180:L=COS<T6) :S=SIN(TG) 
36 A=< (L*2)»<S'>4) )/<4»<l-L)*2) 
40 A1=A«<TZ/<1+<D2»T1))) 
41 A2=<1-A)»(BT/(1+(D2»TE))) 
50 B.l-A«<3»T2)/<l + <I2»Tl)) 
51 P.2=<1-A)»<3»BT)/<1 + (I2»TB)) 
60 C1=A*(6*TZ>/(1+(S2*T1)) 
61 C2=(1-A)*(6*BT)/(1+(S2*TB)) 
63 E1=A»<4»TZ) 
64 E2=<1-A)*<4»BT) 
66 Fl=A*<6*TZ)/(l+(J2*T1)) 
67 F2»(l-A)*(6*BT)/(l+(J2*TB)) 
70 AA=A1+A2:B=B1+B2:C=C1+C2:E=E1+E2:F=F1+F2:D«AA+B+C+E+F 
80 61= AA+B+C 
90 GI»<2.5176E4)*2 ;GJ=(2.6753E4>*2 
100 HB=1.055E-33:R3»(2.58E-10)*-3 
115 PRINT:PRINT 
130 PRINT- T<C) =-;TZ 
140 PRINT- LOG( T(C) )«-;L0G<TZ)/L06<10) 
150 PRINT-T<INT)=-;TM 
160 PRINT- T1 »-;i0/(GI»GJ»'Sl»HE»R3*HB»R3) 
170 PRINT- Li)G(Tl ) =-;L06('S1 )/LOG< 10) 
223 FOR TP=1 TO 1O00:NEXT TP 
235 NEXT TX 
239 1NPUT- CONTINUE ( Y/N ) - ; (SQ* 
240 IF ««>«=-Y- THEN 260 
250 IF «SiïSO-Y- THEN END 
260 GOTO 13 
READY. 
162 
1 REM 'RELAX CONE' USED TO CALCULATE T1/T2 WITH 
2 REM DIFFUSION IN A CONE USING Efil.3-9 BIOCHEM.13,3431(1974). 
3 REM INTERNAL DIFFUSION E«i. ACCORD- ING TO SCHMIDT,ET AL.,BIOCHEM. 
4 REM 22.1408(19831. 
5 REM SET CORRECT FREQ. IN LINES 10 & 20, ENTER T(C) IN SEC. 
7 PI»3.14159 
10 J=282.407»1E6»2»PI:J2=<J)'»2 
13 INPUT* T(C)";TZ 
14 INPUT*LOWER INTERNAL T<C)*;TR 
15 INPUT*1/2 ANGLE OF COME*;AN 
20 1= 282.407»<100.06/94.16)»1E6«2»PI:I2=»<I)*2 
25 DI=J-1 :SU=J+1:02= <DI)*2;S2=(SU)"2 
30 FOR TX=1 TO 10;TM=TR*TX:T1=<TZ)*2 
32 TB=<1/<I/TZ+1/TM)>*2!TD=(1/<1/TZ+4/TM))'^ 2:BT=<TB)*.5:DT=(TD)*.5 
34 TG=AN»PI/180tL=C0S<TG) :S=SIN(T6) 
36 A=( <L'*2)»<S*4))/(4»( 1-L)*2) 
40 A1=A»<TZ/<1+(D2»T1)>) 
41 A2=(1-A)*<BT/(1+(D2*TE))) 
50 B1=A*(3*TZ)/(1+(I2*T1)) 
51 B2=<1-A)»<3»BT>/<1+<I2»TB)) 
60 C1=A*<6»T2)/(1+<S2»T1)) 
61 C2»(1-A)* < 6*BT)/(!+< 52*TB)) 
63 E1=A*(4*TZ) 
64 E2=(1-A)*(4*BT) 
66 F1=A»(6»T2)/(1+<J2*T1)) 
67 F2=<1-A)»<6*BT)/(1+<J2«TB>) 
70 AA=A1+A2:B=B1+B2:C=C i+C2:E=E1+E2:F=F1+F2:D=AA+B+C+E+F 
80 @1=2*PI*(AA+B+C) 
115 PRINTIPRINT 
130 PRINT* T<C) =*;TZ 
140 PRINT* LOS( T<C) )=";L0G<TZ)/L0G<10) 
150 PRINT*T(INT)=*;TM 
160 PRINT* T1/PI»T2 =";D/')1 
170 PRINT* L0S(T1/PI»T2) =*;LOG(D/@1)/LO6(10) 
223 FOR TP=1 TO 1000:NEXT TP 
235 NEXT TX 
239 INPUT*CONTIMUE<Y/N)*;<SnS» 
240 IF »)$=*Y* THEM 260 
250 IF <3iî«<>*Y* THEN END 
260 GOTO 13 
READY. 
163 
1 REM 'NOE CONE' USED TO CALCULATE THE NOE WITH 
2 REM DIFFUSION IN A COME USING EQ.2-5 BIOCHEM.19,5955(1980), EQ. 35 
3 REM .PHYS. REV.99.559(1955)., E'iNS. 6-9,BI0CHEM.13,3433(1974), & 
4 REM E<3.2 .SCHMIDT ET AL. ,EI0CHEM.22, 1408(1983). 
5 REM SET CORRECT FRE<Î. IN LINES 10 & 20, ENTER T(C) IN SEC. 
7 PI=3. 14159 
10 J=282.407»1E6»2»PI!J2«><J)'»2 
13 INPUT*T(C>*;TZ 
14 INPUT"LOWER INTERNAL T(C)*;TR 
15 INPUT" 1/2-ANGLE OF CONE"îAN 
20 1*282.407*(100.O6/94.16)»1E6«2»PI;I2=<I)*2 
25 DI=I-JsSU=J+l:D2=<DI)*2:S2={SU)'>2 
30 FOR TX=1 TO 1B:TM=TR»TX!T1=(TZ)*2 
31 HB=1.055E-33:R3=<2.58E-1O)'»3 
32 TB=(l/(l/TZ+l/TM) )''2:TD=<l/( 1/TZ+4/TM) )*2:BT=<TE.)5:DT='(TD)*.5 
34 TG=AN»PI/180tL=COS<TG)tS=SIN<TG) 
36 A=( (L''2>»<S*4))/<4*< 1-L)*2) 
40 Al=A»<TZ/<1+(D2»T1))) 
41 A2=<1-A)»<BT/(1+(D2»TB))) 
50 Bl=A#(3»TZ)/(l+<I2*Tl)) 
51 B2=(1-A>*(3*BT)/(1+<I2*TB)) 
60 C1=A«<6»TZ)/(1+<S2»T1)) 
61 C2=<1-A>*<6»BT)/<1+(S2»TB)) 
90 AA=At+A2»B»El+B2:C=Cl+C2 
100 N0=(C-AA)/((2*B)+AA+C) 
115 PRINT:PRINT 
130 PRINT" T<C) =":TZ 
140 PRINT" LOG( T(C) )«";LOG<TZ)/LOG(10) 
207 PRINT"T<INT>=";TM 
208 PRINT" 1/2-ANGLE OF CONE -•;AN 
210 PRINT" NOE -";N0 
223 FOR TP=1 TO 10O0INEXT TP 
239 INPUT"CONTINUE(Y/N)";i3<5» 
240 IF Q«$="Y" THEN 260 
250 IF <M*<>"Y" THEN END 
260 GOTO 13 
READY. 
164 
1 REM 'CSA INT#2' USED TO CAL- CULATE THE T1 DUE TO CSA 
2 REM USING EQ.11-20. HULL & SYKES J.M0L.E10L.98,121(1975). 
3 REM SET CORRECT FRE<i. IN LINES 10 & 20, ENTER T(C) IN SEC. 
4 PI=3.14159 
5 INPUT" T(C)*;TZ 
6 INPUT- DELTA Z<PPM>•;DZ:DN=<DZ»lE-6)*2 
7 INPUT* ETA •;NJ:NM=MJ*2:NN=1+(NM/3) 
8 INPUT- LOWER T(C),INTERNAL";TR 
9 INPUT• GAMMA";OP:GG=< OP»PI)/180 
10 INPUT" BETA";BE:PB-< BE*PI)/180 
11 CE=COS(BB):SB=SIN<BB):CC=C0S(2»GG):SC=SIN<2*GG):DD»<DN'^ .5) 
12 C0=<L/4)*<(3»<CB*2)-1)+<NJ»(SE'^ 2)»CC))*2 
13 Cl«<1/3)«<SB*2)*< < <CB*2)«<3-<NJ«CC>)*2)+< <NJ*2)*<SC'^ 2)>) 
14 C2=<((3/4>*.5)»<SB*2)+<NJ/<2*3*.5))«(l+<CB*2))*CC)''2+(<<NJ*2)/3)«SC'^ 2»CB*2) 
20 1=282.407*2*PI*1E6 :I2=<I)*2 
30 FOR TX»1 TO 10;TM=TX*TR:T1=<TZ)*2 
31 TB=1/<(l/TZ)+(l/TM)):TC=l/((l/TZ)+(4/TM)) 
50 J0=(2»TZ)/(1+<I2»T1)) 
60 Jl»=t2»TB)/(l+<I2»(TB*2))) 
70 J2=(2*TC) / < l + < I2*(TC'^ 2)  ) 
80 SS*<ca*J0)+(Cl«Jl)+(C2»J2) 
90 GI»(2.3176E4)*2:GG»GI''.5 
105 HH=tI/SG:H2=HH*2 
120 0PEN4,4 
130 PRINT#4," T(C) »-;TZ 
135 PRINT#4," T(C),INT =";TM 
136 PRINT#4," L0G(T(C),INT) =";L0G(TM)/LOG(10) 
140 PRINT#4," LOG( T(C) )=";L0G<T2)/LOG<10) 
205 TT=(6/40)*GI»H2»DN»SS 
210 PRINT#4." Tl.CSA » "U/TT 
215 PRINT#4," L0G(T1,CSA) »",LOG(1/TT)/LOG<10) 
220 PRINT#4,"";CL0SE4 
230 PRINT" T(C) "";TZ 
235 PRINT" LOG( T(C) )=";LOG<TZ)/LOG(10) 
236 PRINT" T<C),INT =";TM 
237 PRINT" LOG<T(C),INT) =•;LOG(TM)/LOG(10) 
240 PRINT" Tl.CSA = -;l/TT 
250 PRINT" LOG(Tl.CSA) ,LOG<1/TT>/L0S(10) 
323 FOR TP=1 TO 1000:NEXT TP 
325 NEXT TX 
400 INPUT"COMTINUE<Y/M)" 
410 IF W*=-Y" THEN 430 
420 IF <îiî*=-N" THEN END 
430 SOTO 5 
READY. 
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1 REM 'CSA INT T2' USED TO CAL- CULATE THE T2 DUE TO CSA 
2 REM USING EQ.11-20, HULL & SYKES J.MOL.BIOL.98,121(1975). 
3 REM SET CORRECT FRE9. IN LINES 10 & 20, ENTER T<C) IN SEC. 
4 PI=3.14159 
5 INPUT* T(C)';TZ 
6 INPUT* DELTA Z<PPM)*;D2;DN=<DZ»lE-6)*2 
7 INPUT" ETA *;NJ:NM=NJ*2:NN=t+<t«1/3) 
8 INPUT* LOWER T(C),INTERNAL";TR 
9 INPUT" GAMMA";OP:GG=(OP*PI)/180 
10 INPUT" BETA";?E:BB=(EE*PI)/180 
11 CB=COS ( BB ) : SB=SI N < BB ) : CC=COS < 2»GG ) : SC=S IN < 2»GG ) : DD= < DN'*. 5 ) 
12 C0=<l/4)»(<3«<CB'^ 2)-1>+<NJ»(SB*2>»CC))*2 
13 Cl = <l/3)*<SB'*2)*< <(CB'*2)»(3-(NJ*CC) )*2) + < (NJ*2)»<SC*2) ) ) 
14 C2=<< <3/4)*.5)*<SB'»2) + (NJ,'(2*3*.5) )»<1 + <CB'^ 2) )*CC)*2+< ( <NJ'*2)/3)*SC'»2*CB''2) 
20 1=282.407»2»PI*1E6 :I2=(I)'»2 
30 FOR TX»1 TO 10:TM=TX*TR:T1=(TZ)'"2 
31 TB=l/< <l/TZ) + <1/TM)):TC=1/((l/TZ) + (4/TM)) 
50 J0=<2»T2)/<1+<I2»T1)):JA=3»J0 
60 Jl=(2»TB)/<l+<I2»<TB*2>)):JB=3«Jl 
70 J2=(2*TC)/< 1+<I2*(TC*^ 2) ) ) « JC»3*J2 
72 JD=8»T2 
74 JE=8»TB 
76 JF=8*TC 
80 SS=(CO*(JA+JD))+(Cl*<JB+JE))+<C2*(JC+JF)) 
90 GI=(2-5176E4)'>2:GG=GI'^ .5 
105 HH=I/6G;H2=HH*2 
120 0PEN4,4 
130 PRINT#4," T<C) =";TZ 
135 PRINT#4," T(C),INT =";TM 
136 PRINT#4," L06<T(C),INT) =";L0G(TM)/L0G(10) 
140 PRINT#4," LOG( T(C) )»";LOG<TZ)/LOG<10) 
205 TT=<1/40)*GI«H2»DN»SS 
210 PRIHT#4," T2,CSA = ";1/TT 
215 PRIHT#4." L0G<T2,CSA> =",LOG<1/TT)/LOG<10) 
217 PRIMT#4,"l/2-WIDTH =";<TT/>;"HZ" 
220 PRINT#4,"":CL0SE4 
230 PRINT" T(C) ="?TZ 
235 PRINT" LOG< T(C) )=";LOG(TZ)/LOG(10) 
236 PRINT" T(C),INT =";TM 
237 PRIMT" LOG(T(C).INT) =";LOG(TM)/LOG(10) 
240 PRIMT" T2,CSA = ";1/TT 
250 PRINT" LOG(T2,CSA) =",LOG(1/TT)/LOG(10) 
252 PRINT"1/2-WIDTH =";<TT/);"HZ* 
323 FOR TP=1 TO 1000:NEXT TP 
325 NEXT TX 
400 INPUT"CONTIMUE(Y/N)" 
410 IF iiÔ*="Y" THEN 430 
420 IF ')<)*="N" THEN END 
430 GOTO 5 
READY. 
